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[. INTRODUCTION

The quest for the discovery of new oil and gas deposits has driven govern-
ment and industry to expanded exploration of the Outer Continental Shelf (oCs)
- for new sources of supply. The hostile environments encountered in these explor-
ations have stimulated considerable effort in the formulation of new methods
for verification of the structural integrity of fixed offshore platforms. Progres-
sively larger structures, deeper waters and more severe weather conditions
have prompted a growing concern for the safety of diving personnel required
for underwater inspections, and the risk to platform crews and the environment
from structural failures that may occur. |
Historically, the structural integrity of fixed offshore platforms has
" been periodically assessed through the use of divers or remotely controlled un-
manned submersibles for inspection. These methods have also been used to
perform inspections after storms or other occurrences which could damage the
platform. Even in fairly shallow waters, these techniques for inspection are
only marginally effective, are time consuming and are costly, becoming exorbi-
tant in deeper OCS areas where saturation diving is required. As a consequence,
platform monitoring techniques are desired which reduce inspection costs and
provide a reliable indicator for the performance of detailed inspections. The
U.S. Geological Survey (USGS) considers such platform monitoring techniques
‘as potentially useful in their OCS Platform Verification Programs.
In response to this need, the USGS initiated a study in October 1976
with the Aerospace Corporation under Contract 14-08-0001-15989 to (a) review
existing inspection approaches in the United States and the North Sea; (b) perform
analyses of selected options; and (c) develop alternative instrumentation configur-
ations for possible operational applfcations. This study was completed in October
1977 and is covered in Aerospace Report No. ATR-77(7627-02)-1, "Instrumenta-
tion of Fixed OCS Platforms". In the latter stages of that contract, actual physical
measurements were performed on an existing offshore platform (Shell Oil Company's
Platform C on South Pass OCS Tract 62 in the Gulf of Mexicoi to assess one
of the options studied. These measurements were performed using a mix of linear
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and angular accelerometers for vibration analysis. A quick look at the data gathered
offered encouragement for the possible feasibility of an ambient vibration monitor-
ing technique, and the need for further analytical evaluations were identified.
Optimism for ambient vibration monitoring had also been evident from
other sources such as measurements made on two relatively simple Coast Guard
towers and their companion analytical studies (19, 20)*. In addition, the technique
has been developed in Great Britain to the point where substantial application has
been made in the North Sea. It has been stated that "measurements made on 18
different structures have shown that on many steel platforms, the changes in natural

frequencies caused by failure of a single, structurally important member are large

enough to be detected unambiguously" (6). Moreover, it was stated that difficulties
may be encountered with squat platforms (base dimensions comparable to height)
and platforms which exhibit strong nonlinearities due to pile/soil or pile/jacket
interaction (such as occur in ungrouted piles); the latter difficulty may be overcome
if the monitoring is limited to amplitudes lower than those which develop the non-
linearities. The ability to detect failure of members of lesser structural imporfance
or of partially failed members (i.e., not completely severed) was not claimed.

In the above mentioned Aerospace study, it was not possible to fully
evaluate the North Sea applications because of proprietary restrictions. That fact

led to the tests performed on the Shell platform as a means of addressing matters

of instrumentation, data analysis, interference from operating machinery, modal
identification and the effects of a high degree of structural redundancy. The Shell
platform was located in 327 ft (100 m) of water, and until a few years ago, was
among the taller structures in the Gulf. A total of 26 hours of ambient vibration
data were recorded, which included periods of both calm and stormy sea conditions.
These basic data, after the mentioned quick look analysis, were to be utilized as
a basis for a subsequent study to evaluate further the utility of the vibration moni-
toring concept.

The ensuing contract (14-08-0001-17224) was let by the USGS to The
Aerospace Corporation in September 1978 and the results of that effort are contained
herein. The guidelines used for the study are presented in the following.

*Numbers in parenthesis are references.
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1.1 GOALS AND OBJECTIVES
The primary goals of this study were to analyze the previously gathered
measured data on the Shell platform using corhputer technology to evaluate the
diagnostic capabilities of the technique, its capabilities and limitations and its over-
all feasibility. Specific objectives included:
[ Perform a detailed analysis of the recorded ambient vibration
data and extract modal frequencies and shape parameters.
° Develop a dynamic mode! of the subject offshore platform which
yields modes in good agreement with those measured.
. Determine modal changes associated with single structural failures
using the dynamic model. )
[ Develop a plan for evaluating prototype instrumentation.
In addition to the above, the general guidelines that were used to struc-
ture a candidate monitoring system were:
° Be capable of detecting failures that are considered significant
to the strength and safety of the structure and its personnel.

e Be cost-effective, in that the cost of the monitoring and recording
equipment and its operation should be more than offset by the
savings incurred by reducing the use of divers and submersibles.
Utilize off-the-shelf hardware wherever possible.

Be adaptable to either permanent installation or portable utiliza-

tion.

1.2 APPROACH

The approach taken in this study to evaluate the vibration monitoring

technique consisted of the following steps:

° Extract modal parameters (natural frequencies and mode shapes)
from the field measured dynamic response data via determination
of autospectral densities and transfer functions for pairs of mea-
surement locations.

° Develop a baseline mathematical dynamic model of the platform
by refinement of a design model to bring the lower modes of vibra-
tion into good agreement with those extracted from the field data.

. Employ the baseline model to predict changes in the modal param-

eters for various representative member failures.
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° Assess the predicted modal changes and make an engineering judge-
ment about the likelihood of detection with this technique.
° Judge the likelihood of detection relative to the significance of
a failure from the standpoint of overall platform structural integ-
rity. v
The following sections present coverage of the mode extraction, mathe-
matical model of the platform, damage sensitivity studies, evaluation of a prototype
system candidate, conclusions, recommendations and detailed backup appendicés.

1-4
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2. MODE EXTRACTION FROM AMBIENT VIBRATIONS

This section describes the evaluation of the measured ambient vibration
data from the SP-62C platform and the subsequent extraction of natural frequen-
cies and mode shapes. The previous report and a paper contain a detailed descrip-
tion of the instrumentation and preliminary data evaluation (2, 18). For complete-
ness, selected material from that report is included herein. The field test is reviewed
briefly, followed by a description of the data analysis and results. Further, a tenta-
tive comparison is made with results from forced vibration tests performed on SP-62C
subsequent to the work reported here (17).

2.1 DESCRIPTION OF FIELD TEST

The instrumented platform is an eight-leg diagonally braced jacket con-
struction supporting two full decks (Figures 2-1 and 2-2). The lower deck (produc-
tion deck) measures 85 by 165 ft (26 by 50 m), and the deck beams are centered
at 49 £t (15 m) above the sea surface. The platform stands in 327 £t (100 m) of
water and is located about 55 mi (40 km) east of the mouth of the Mississippi River.
The main legs are 4.5 ft (1.4 m) in diameter and are battered (sloped) 1:10, as seen
in Figure 2-2. Each main leg contains a pile driven through and welded just above
the 14 ft (4.3 m) level. The eight main piles are ungrouted. In addition, eight skirt
piles are driven through guide sleeves at the base of the jacket and are grouted
in place.

Of the several possible platforms offered for our study by the Shell
Qil Company, this particular one was selected because of its prior history of experi-
mental and analytical studies (16). Specifically, a mathematical structural dynamic
model was available, and measurements had been made of its fundamental natural
frequencies on several occasions by Shell Oil Company.

The literature implies the use of lateral accelerometers for the monitor-
ing. For this investigation, it was decided to look into the additional benefit of
vertically directed accelerometers and angular accelerometers. The accelerometers

were all of the force-balance type which quite comfortably meet the frequency
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Figure 2-1, View of SP-62C
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Figure 2-2. Base Section of SP-62C (Courtesy of
Shell Oil Company)
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response and sensitivity needs for this application. Seven accelerometers, six trans-
lational and one angular, were affixed to the main legs in several deployments,

and from two to six hours of data were recorded on FM tape (8-channel) for each
setup. Two ranges of bandpass filtering were employed: 0.03 to 5 Hz and 0.03

to 20 Hz. The various locations and orientations of the accelerometers are shown
schematically in Figure 2-3 which depicts the 49 ft (15 m) level (lower deck), the

14 £t (4.3 m) level (boat landing level containing a peripheral walkway Figure 2-2),

- and the eight main legs. The accelerometers were actually located about 5 ft (1.5 m)
above these two working levels. The legs are designated Al through A4 and Bl
through B4 as shown (Figure 2-2). The axis X is also called the broadside direc-

tion; Y, end-on; Z, vertical; and © 2 torsional. A typical designation is ‘)z(Al-l.l#),
denoting an X-directed acceleration on the Al leg measured at the 14 ft (4.3 m)
level. The fixtures employed to aifix the accelerometers to a leg were only capable
of correcting for about half the batter in an attempt to align with the X, Y, Z coordi-
nate axes. Figure 2-3 shows the 17 locations employed. Two reference positions
X(A1-18) and Y(A1-1%) were common to all deployments so that all the data could

be interrelated to develop mode shape parameters. In addition, during one deploy-
ment one translational accelerometer was moved to record X- and Y- directed
accelerations adjacent to rotating machinery to sample their vibration signatures.

Data were taken over a three-day period. An identification of the data
acquisition runs is given in Table A-1 of Appendix A. Rough seas were encountered
during the first two days with visually estimated 15 to 18 ft (4% to 5% m) waves.
About 12 hours of data were collected during this period. Calm seas, with 2 to
3 £t (%2 to 1 m) swells, followed and about 10 hours of data were recorded. Data
were obtained under both conditions, permitting an evaluation of the linearity of
structural response and of the relative quality of the modal determinations in the
two sea states.

The recorded data were processed onshore by anti-alias filtering the
demodulated si-énals, digitizing, and finally performing auto- and cross-spectral
density analyses to develop frequency response relationships for coherent modal
responses among pairs of records (7). An identification of the data analysis runs
is given in Table A-2. The software program employed the Blackman-Tukey method
of first determining correlation functions and then Fourier transforming to obtain
spectra (13). The specifics of these analyses and the results will be discussed.
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2.2 PERIODIC NOISE

Investigations were performved to identify machinery and tape recorder
noise in order to avoid their misinterpretation as modal responses. Autospectra
were computed for records obtained near the major machines: A diesel-powered
generator operating continuously, a duty-cycled air compressor, and two pipeline
pumps intermittently operated singly or together. Also, autospectra were computed
simultaneously at selected leg positions to see the consequence of the machinery
noise at monitoring locations. One such spectrum is shown in Figure 2-4 for data
low-pass filtered to 20 Hz using a bandwidth B = 0.06 Hz and a bandwidth time
product BT=57.6. Machinery-induced peaks (denoted by symbol "M") were identified
at 5.12, 5.4, and 7.5 Hz and higher frequencies. Occasionally a peak at 2.7 Hz appears
(not on Figure 2-4) apparently as a consequence of pipeline pump operation which
usually only yields the 5.4 Hz and higher frequencies. The reason for the sporadic
appearance of the 2.7 Hz is unknown, although a speculation is that it may resuit
from operation of only one of the two pumps.

Selected aixtospectra were also obtained with and without operation
of the pumps and compressor to address their contribution to broad band noise.
Unfortunately this was not possible for the generator. It was established that opera-
tion of pumps and compressor did not noticeably increase the broad band noise below
5 Hz.

Tape recorder noise was identified by computing the autospectrum of
the signal produced by the recorder in the absence of an applied input to the recor-
der (Figure 2-5). Of greatest significance was a periodic signal introduced by the
capstan drive. The fundamental, labeled@in Figure 2-5, was at 0.824 Hz at 41 dB
down from full scale (0.9% full-scale amplitude); the first few harmonics labeled

@, @ @ in Figure 2-5, decreased in magnitude with higher frequency, reaching
48 dB down for the third harmonic at 3.30 Hz. These peaks were frequently seen
in the data (denoted by symbol "R"; e.g., Figure 2-4). Lower level peaks were also
observed in the recorder noise (see peaks labeled in Figure 2-5). In
a few instances, it is suspected that one of the lower level recorder noise peaks
at 1.18 Hz, labeled also encroached into spectra.
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It is understood that such drive mechanism "noise" peaks are typical
of analog tape recording and that this noise it is generally the limiting factor for
the recorder signal/noise ratio. The 0.824 Hz fundamental frequency is associated
with the record speed of 15/16 ips and will increase in frequency in proportion to
tape speed. Thus, this noise could be moved to above 5 Hz by speeding up the record-
ing to 7/ ips. The penalty would be the use of much more tape.

2.3 - MECHANIZATION OF SPECTRAL ANALYSIS

- It was decided to direct detailed attention below 5 Hz, which was certain
to encompass the three lowest frequency modes in lateral and torsional directions.
The aim was to identify at least these nine modes (as suggested in Ref. 11). It was
decided to convert all the data to a 15 samples per second (SPS) rate after appro-
priate anti-alias filtering. In a few test cases the sampling rate was converted |
further to five SPS.

Next, a few cross-spectra were calculated to examine the effect of
alternative windows. A window tapers the data at the ends of a record to reduce
leakage (i.e., increase side lobe attenuation for the digital filter), but does so at
the expense of increased width of the main filter lobe.(i.e., a loss in frequency reso-
lution). Three cases were treated: no window, Hanning window, and a Hanning-
twice window (Hanning function squared). The unwindowed spectra were totally
unusable since large regions of frequency contained meaningless spectral results
(specifically, negative autospectral values). The Hanning window all but eliminated
such spurious results and both Hanning types appeared to yield comparable results
in the regions of possible modes. The standard Hanning window was therefore selected
for further use since the penalty in-resolution was not as great as for the Hanning-
twice window.

The raw bandwidth B and the BT product was explored next (T is the
time duration of the total record analyzed). The range explored was B from 0.005
to 0.06 Hz and BT from 8 to 173. With a view toward achieving high quality, coupled
with practicality in terms of computational costs and length of data recording,
it was judged best to employ B = 0.03 Hz, BT = 28.8 (T = 16 min) for the bulk of
the spectral analyses. In particular, neither B = 0.015, BT = 28.8 (T = 32 min) nor
B = 0.03, BT = 172.8 (T = 96 min) led to general improvement in the signal/noise
ratio of higher modes (i.e., as a whole, peaks did not stand out taller from the noise



background and coherences were not improved). It is interesting to note that about
the same optimum bandwidth, B = 0.025 Hz, was arrived at for normal analysis
on North Sea platforms (11).

2.4 FULL SYSTEM CALIBRATION

~ To enhance the accuracy of the extracted model shape, a method was
evaluated to enable end-to-end calibration of the system. It involved the recording
of all the translational accelerometers colocated so that the acceleration sensed
by each is identical. The location employed was on the upper flange of a heavy‘
deck beam member near the Al leg on the lower deck. Data were recorded for
about 20 min. These data were then processed to determine frequency response
relationships of the complete path of the signal for each accelerometer relative
to one path used as a reference. Each path involves: accelerometer, cable, signal
conditioner channel, recorder tape channel, dub tape channel, discriminator/filter,
and digitizer channel.

Highly coherent results were obtained with some deterioration at frequencies
for which the signals were extremely weak (spectral shape is similar to that in Figure 2-4).
A typical result is shown in Figure 2-6. Guided by the most coherent data, the
phase characteristic has the character associated with a pure time difference (i.e.,
phase proportional to frequency). In the case shown, the time difference is 14 msec.
It is judged that such a time difference can be estimated to within 1 msec, with |
the result that the uncertainty in phase calibration is negligible (less than 2 deg
below 5 Hz). Similarly, the amplitude characteristic can be smoothed. At frequencies
where modes exist and good mode shapes can be determined (discussed in the next
section), ‘the uncertainty in amplitude ratio is judged to be no more than 2%.

In our experiment, all the hardware elements from accelerometer through
to each recorder channel were not kept in the same grouping during the various
accelerometer deployments and recalibration for each grouping was not done. The
relative calibration process, therefore, was not used to full advantage in our tests.

It was shown, however, that the process is both practical and accurate. It is clear
that this calibration method can be employed to enhance the accuracy of mode
shape results.
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A disadvantage in the use of angular accelerometers is that they do

not lend themselves to simple calibration relative to the translational accelerometers.

2.5 DISCUSSION OF MODAL RESULTS _
Autospectra for X (A1-14) and Z (A1-49) are shown below 5 Hz in Figures

'2-7 and 2-8, respectively, for data acquired in the rough and calm seas. These are

reasonably typical results for lateral and vertical measurements. An autospec-

trum of torsional acceleration, 'éz (A1-49), is shown in Figure 2-9 for a calm sea.
(This measurement was not acquired for the rough sea.) A typical coherence is
shown in Figure 2-10a for two lateral measurements in the same direction and in
Figure 2-10b for a measurement in one lateral direction and one in the other. Recorder-
induced peaks (R) and one machinery-induced peak (M) on Figure 2-8 are identified
as previously discussed. Peaking appearing below 0.5 Hz is presumed to be due -

to basic periodicity in the waves and as a consequence of their spatial interaction
with the structural members. This data would be sensitive to sea state and its direc-
tionality, and relatively insensitive to underwater structural failure. Corisequently,
these data are ignored for monitoring purposes.

The fundamental broadside (X) and torsion ( ez) natural modes are respon-
sible for the 0.646 Hz and 0.965 Hz peaks, respectively, in the calm sea spectra.
Moreover, the fundamental end-on (Y) mode is identified from any end-on accelera~-
tion as being at 0.658 Hz. Slightly lower frequencies were observed in the rough
sea and this will be discussed subsequently. Lateral accelerations in the fundamen-
tal modes ranged between 0.02 and 0.7 mg rms. It was quite simple to distinguish
between the end-on and broadside fundamentals, even though separated by only |
0.012 Hz, since they were so pure in their directionality. This was evidenced by
the fact that coherence between any measurement in one direction with one in
the other direction was very low, even though very strong peaks at seemingly the
same frequency appeared in both autospectra (Figure 2-10). Evidence that no signifi-
cant torsion was involved in either fundamental lateral mode is provided by the
virtual absence of any evidence of a peak on the torsional autospectrum of Figure 2-9.

Mode shapes for the three fundamental modes were accurately deter-
mined from calculated frequency responses, yielding amplitude and phase relation-

ships between pairs of measurements. Coherences between lateral motions were usually
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at or above 0.95 (e.g., Figure 2-10). The shapes detected are shown in the upper
row of Figure 2-11. Small vertical motions were also detected with amplitudes

less than 10% of the maximum lateral amplitude, usually with coherence above
0.75. The accuracy of these motions is somewhat in doubt because the precise
angular alignment of these accelerometers with the vertical was not measured.

The angle is believed to be in the neighborhood of 3 deg, leading to about a 5%
sensitivity to lateral acceleration. Cross-axis sensitivity of the accelerometers
(£1.7% for the accelerometers employed) is also a factor. More care must be taken
in the future if it is deemed useful to detect vertical motions of the order of 10%
or less of lateral motions. ’ ’ '

The region between the fundamental mode peaks and 5 Hz contains
evidence of a number of higher modes of the plétform. Whereas the fundamental
modes are relatively easy to measure, the higher modes are typically more difficult
to measure because of poorer signal/noise ratio (Figures 2-7 through 10). Table
2-1 shows in a qualitative fashion the visually observed signal/noise (that is, how
high the peak stands out above neighboring spectral values) for modes above the
fundamental group for each of the measurement locations. The approach employed
to identify higher modes was to look for (a) peaks having the same frequency at
several measurement locations and constancy in frequency from one data run to
another, (b) coherence in the relationship between measurements at those frequen-
cies, and (c) phase relationships among the measurements that are characteristic
of lightly damped natural modes (i.e., essentially in-phase or out-of-phase behavior
except near nodal positions). Peaks identified as indicative_ of platform modes

are denoted by arrows in Figures 2-7 through 10.

A summary of the modes identified from the data with comments is contained

in Table 2-2. The first column presents the natural frequencies. The second column
presents mode shape information in terms of deck center-of-gravity displacement,
with the order qualitatively indicative of relative magnitude. The use of a minus
sign indicates a negative sense for that displacement. For example, the 3.91 Hz
mode has deck motion in order of magnitude (Figure 2-11): minus ez, plus Z, and

plus X. Miscellaneous comments appear in the last column.
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Table 2-2.

Sumary of Mode Identification from
Field Data on SP-62¢ (October 1977)

e

Frequency, Hz Shape Comments

_C_)__:_g__)-_ké (t0.005) X Fundamental mode group

ﬁ (t0.005) Y Dominant modal responses

9__._9______52 (t0.005) 0, Frequencies slightly lower in
rough sea

1.28 (t0.02) Y, 8,, X Weakly excited

1.35 Tentatively a mode

1.h47 Y, 6 ” .l.lt7 weaker but evidences similar
shape

1.54 (£0.03)

171 (to0.02) 0., % X Mostly second torsion

R 2.04 Mostly ez Shape un;er’cain; weakly excited
- 2.12 (to. 02) Y Probably third end-on

2.21 | Weakly excited

2.62 Weakly excited; seen in X and Y
at Bl-1k

2.94%, 3.01 Most clearly seen vertically

3.05 Seen on Y at Al-1h and BL-14

3.44 May be paired with 3.50 Hz

3.50 (%t0.02) Y, Z, -X, © Clear Z at A4 and Bl

3.81 (*0.02) Z, ¥, 8, Predominantly first vertical

3:.91 (*0.02) -0,,72,X Deck rotates about Al Wm; vertical

4. 06 (Z0.0h) Z, Y, X, 8, Highly coupled % laterals

4.23, 4.3, High broad band response made

Lok, k.5 discermment difficult
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The first three frequencies in Table 2-2 (first mode group) are doubly under-
_lined to indicate high accuracy (estimated to be £0.005 Hz), with very well identi-
fied mode shapés with ratios of lateral deflections estimated to be accurate gener-
ally within 10% (top row of Figure 2-11). The frequencies were estimated by hand
plotting the spectral points (calculated every 0.015 Hz) and graphically interpolat-
ing to find the maximum. The double underline is also used for the 1.71 Hz second
torsion, the 2.12 Hz third end-on, and the highly coupled 3.91 Hz mode to denote
accurate frequencies and mode shapes, although not quite as accurate as for the
fundamentals (lower row of Figure 2-11). Estimated accuracies are £0.02 Hz and
20% on modal ratios. The single underline of modal frequencies indicates that

a consistent mode shape was determined, although with questionable accuracy.

The frequency inaccuracy for this group is estimated to be +0.02 to +0.04 Hz and
the mode shapes are qualitative. Note that the 3.81 Hz predominantly first verti-
cal mode is in this group, and that the neighboring modes (from 3.50 to 4.06 Hz)
have important vertical involvement. Finally, a lack of an underline indicates that
mode shape was not determined because of insufficient or inconsistent data. The
frequency accuracy, however, is believed to be between +0.05 to +0.1 Hz.

The ranking of the relative utility of the various modes for failure detec-
tion requires use of the results of the mathematical model studies. In terms of
experimental detectability, the doubly underlined modes are the strongest candi-
dates. Interestingly, simple broadside and end-on second modes are absent from
_this group. Insofar as the end-on direction goes, we see at least three or possibly
four modes between the first and second torsion, at least three of which involve
end-on and torsion coupling. The possibility of jacket stiffness or deck mass coup-
ling as the cause seems remote in view of the fact that the first and third end-on
modes are quite pure in form. It seems more likely that one or more substructures
supported off the decks have a resonance in this range and provide a mechanism
for end-on/torsion coupling. It would appear dangerous to rely on these modes for
monitoring purposes without knowing the mechanism for the coupling and how vari-
able that mechanism might be. For example, if a fluid tank is involved, a change
in the amount of fluid contained could lead to a change to these coupled modes
which might then be misinterpreted as due to a structural failure. Moreover, a
consequence of such mode splitting is that the responsiveness of each mode is dimin-

ished from that which would exist in the absence of splitting. That may well be
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the reason why a second end-on mode is not among the stronger of those detected.
Typically this seems not to have b‘ee‘n the case in the North Sea studies (6).

The absence of a second broadside mode was a mystery until it was
learned that a 1.65 Hz second broadside mode was identified for SP-62C during
shaker testing subsequent to our experimental work (17). This is exactly the frequency
of the second component of the tape recorder discrete noise discussed earlier (Figures
2-7 and 8). This noise in many cases masked the appearance of this mode, and perhaps,
in some instances, real modal response was misconstrued as being recorder noise.

Some further observations from the spectral studies follow:

1.  As a whole, the ability to detect modes was as good in a calm

sea as in a rough sea. That is, the signal/noise ratio for the modal
peaks, and corresponding coherences between measurements, were
generally comparable for the two sea states.

2. The only nonlinear behavior positively detected was about a 1%

downward shift in fundamental lateral natural frequencies, and

a 2% downward shift in the fundamental torsion natural frequency,
from the calm to the rough sea. No evidence was seen of spurious
peaks or "split" peaks (two close peaks stemming from a single
mode) as has been reported from North Sea studies, particularly

in the region of fundamental modes (5, 11). The cause is stated

to be uncertain, but the candidate explanation given is nonlinear
interaction owing to indeterminate connection between pile and
jacket when grouting is absent or incomplete. As mentioned earlier
(Section 2.1), SP-62C has ungrouted main piles, so it would appear
to be susceptible to such nonlinearity. Of course it is not known
whether such effects would appear in a rougher sea than experienced
during the present data acquisition.

3.  The greatest dynamic range is required for data acquisition in

a calm sea. A clear indication of this is seen in Figures 2-7 and
8 where recorder peaks stand out much more clearly for the calm
sea. The recorder peak at 1.65 Hz is a particula'r standout. It

is judged that this peak should be diminished by at least 25 dB

to remove it as a significant contaminant of the spectra. This
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peak is known to be 43 dB down from full scale. Thus, for the
present application, the dynamic range for the recording should
ideally have been about 70 dB relative to periodic noise. To come
close to achieving this dynamic range with analog recording, it
would require: (a) a recording speed high enough to keep periodic
noise above the frequency range of interest and (b) filtering to
reduce the dynamic range of the signals to be recorded (i.e., pre-
whitening.). Such a range can be achieved readily, however, by

digital recording of the data.

2.6 ~ FORCED VIBRATION TESTING COMPARISON

In June 1978 platform SP-62C was subjected to forced shaking using -

a pair of electro-hydraulic actuators to force main legs of the 49 ft deck in hori-
zontal directions (17). Each actuator was connected to a suspended 3000 Ib reaction
weight (1360 kg mass). Swept sinusoidal tests were conducted using force levels

up to 8 kips (36 kN) peak-to-peak total from both actuators, with a slow sweep

rate of 0.001 Hz/sec. The two actuators were positioned variously to excite purely
in end-on, broadside and torsion directions. Two force-balance accelerometers
were located on the Al leg between decks. Resonances were found by monitoring
response amplitude and the phase lag between response and force.

Unfortunately, since only two accelerometers were recorded, it is not
possible to make a detailed comparison of frequencies and mode shape parameters
with those determined from the ambient testing reported herein. Using the direc-
tional information from Reference 17, Table 2-3 contains a tentative comparison
of frequencies determined from the forced testing with corresponding ones reported
here from the ambient testing. The underlining employed for the ambient frequen-
cies is the same as that used in Table 2-2.

There is no question about the correspondence for the fundamental mode
group, the second torsion, and the third end-on. The frequencies listed for the am-
bient fundamentals are those found in the rough sea; as mentioned previously, these
are slightly lower than those found in the calm sea (see Table 2-2). It is not known
what additional nonlinear effect may result from the fact that the forced response

amplitudes were up to several times larger than the rms ambient responses reached
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in the rough sea. Moreover, modes above the fundamentals were excited to much
higher levels in the forced testing and any nonlinear effect is unknown. Also,differ-
ence in deck loading between the two test programs is unknown. Assuming that
these nonlinear and deck loading effects are relatively small, the comparison of
frequencies for these cases is extremely satisfying.

The remaining comparisons are more or less speculative. Interestingly,
of the modes determined from the ambient with at least qualitative shape, only
the 3.81 Hz predominantly first vertical does not match a frequency established
in the forcing tests. This is, of course, quite reasonable since this mode would tend
to be weakly excited in terms of sensed lateral motion due to lateral forcing. All
in all, the comparison is most encouraging, lending support to the contention that
some modes above the fundamentals can be identified reliably from ambient vibra-

tion.

2.7. SUMMARY

Accelerations at 17 locations above water were detected in lateral, verti-
cal, and angular senses using force-balance type transducers, with recording on
FM analog tape. Data acquired in both rough and calm sea states provided equally
useful data for detecting the lower modes of platforrh vibration. In the frequency
range from 0.65 to 4.5 Hz, a total of 24 modes were detected as to their frequency.
Accurate mode shape parameters were identified for six of these frequencies (Figure
2-11) and qualitative shape parameters for an additional five (singly underlined
in Table 2-2).

Digital auto- and cross-spectral density ané.lyses were performed. Opti-
mum parameters were determined to be: 16 min of recorded data, a 0.03 Hz raw
bandwidth, and a Hanning window. After elimination of discrete noise, spectral
peaks indicative of modes were identified by analyst judgment. The criteria were
consistency of appearance at various positions and times, relatively high coherences,
and phase relationships appropriate for lightly damped normal modes. Mode shape
parameters were estimated from calculated frequency response relationships among
pairs of measurements. '

A summary of the modes found appears in Table 2-2. The first mode
group (fundamental in broadside, end-on, and torsion directions) dominated the

ambient response. By interpolating the spectral data, their natural frequencies
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could be detected to within 0.005 Hz; ratios of lateral motions could be determined

to within 10%. The natural frequencies were detectably lower, by about 1% for

the laterals and 2% for torsion, in the rough sea than in the calm sea. Even though
the two lateral modes were only 0.01 Hz apart, there was no detectable Cross-coup-
ling between the two coordinate directions. Vertical motion less than 10% of the
magnitude of peak lateral motion was clearly indicated, but its amplitude accuracy

is in doubt due primarily to uncertainty in instrument alignment. Frequency compar-
ison with the fundamentals determined from the subsequent forcing tests in Reference
17 is excellent. »

Of the second mode group, only the second torsion was aécurately identi-
fied. The second broadside was masked by a coincident noise peak from the tape
recorder. The second end-on mode was split into three or four relatively weak
modes, and a mode shape could be identified for only two of them. Of the third
mode group, only the end-on could be well identified. Of the still higher modes,
shapes could be identified only for a group of four modes between 3.50 and 4.06
Hz, all of which exhibited strong vertical motion. One of these (3.91 Hz) was about
as accurately identified as the second torsion and third end-on modes. Vertical
accelerometers were particularly useful for this higher mode group.

The comparison in Table 2-3 of frequencies of modes above the funda-
mentals with those determined by the forcing tests of Reference 17 is quite encour-
aging. The comparison is partially clouded by the inability to compare mode shapes
and so some of the correlation in Table 2-3 is speculative.

The force-balance accelerometers employed were well suited to the
needs for frequency response and sensitivity. Vertically oriented accelerometers
provided good quality data and have the potential for being useful for monitoring.
The angular accelerometer provided good information, but the modal data extracted
could have been obtained in its absence. A clear disadvantage of the angular accel-
erometer is the inapplicability of the simple and highly accurate in situ calibration
process possible for translational accelerometers.

Periodic noise from onboard machinery effectively limited the frequency
range for detection to below 5 Hz. Broad-band noise below 5 Hz did not appear
to have been influenced by the machinery operation. Below 5 Hz, tape recorder-
induced periodic noise clearly appeared in the data, and occasionally one component
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of equipment noise also appeared. This discrete noise has the potential of masking
modal responses, and in the case of the second broadside mode this did happen.
Future work to detect modes above the fundamental group should strive for at least
70 dB of dynamic range with regard to periodic noise within the instrumentation
system. This could well lead to digital recording of the data. Analog recording
preceded by adequate prewhitening (that is, data filtering to reduce dynamic range)

is an alternative approach.
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3. MATHEMATICAL MODEL OF PLATFORM

3.1 APPROACH

The structural dynamic model developed for the present study is based
upon (a) a Shell Oil Company developed finite-element structural dynamic mathema-
tical model used for design,(b) detailed structural drawings of platform decks, (c)
detailed structural and equipment mass data and (d) additional detailed information -
all obtained from Mr. J. A. Ruhl of the Shell Development Company. The primary
goal of this task is to develop a mathematical model for the damage sensitivity
studies described in the next section. Primary emphasis is for accurate represen-
tation of the first three groups of lateral and torsional modes and the fundamental
axial mode as judged by comparisons to the experimentally determined modes.

The approach is to begin by refining the Shell Oil Company supplied finite-element
model which was developed to characterize the fundamental lateral and torsional
mode group only. The extensions consist of a more detailed model of the deck struc-
tures and more refined virtual fluid mass matrix for flooded and submerged members.
Once the extended model was complete and its vibration modes calculated, a num-
ber of edjustments are made to improve correspondence with the experimentally
observed modes.

Formulation of the mathematical model was performed principally with
 the NASTRAN program which exploits sparsity, as well as bandedness of matrix
descriptions for computational efficiency. The virtual fluid mass matrix was com-
puted with a specially developed FORTRAN program.

3.2 JACKET/PILE/CONDUCTOR MODEL

The supplied structural dynamic model consists of an assembly of beam
elements representing the jacket members, piles, conductors and a greatly simpli-
fied deck idealization. A perspective computer plot of this jacket/pile/conductor
model (decks absent) is shown in Figure 3-1. Translational and rotational springs
are connected to each pile at the mudline to represent equivalent soil stiffness
contributions other than for pile axial behavior. The buried pile axial stiffness
is represented by an axial member extending 100 feet (30.5 m) below the mudline

and constrained to zero displacement at the lower node. (The actual piles extend
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150 feet (45.7 m) into the mud.) Fictitious cross-sectional properties are used for
the below mudline pile sections to account for soil stiffness contributions to axial
stiffness. It was judged necessary to modify the supplied model in the representa-
tion of the deck structure and in the fluid virtual mass to extend its applicability
to higher modes. _

The supplied jacket/pile/conductor model was expressed in terms of
213 structural nodes each having 6 degrees of freedom (dof) for a total of 1314
dof. Member connectivity of the main piles and jacket, welded together 14 ft (4.3
m) above the waterline, causes the stiffness matrix to be sparse but not banded.
It was therefore decided, for computational economy, to perform the model assem-
bly and analysis in NASTRAN which exploits the sparsity property. This was a change
from the original intention to employ SAP IV which cannot as efficiently handle
a nonbanded stiffness matrix.

33 DECK MODEL . |

Aspects of the decks which are modeled include structural stiffness,
mass distribution, and large tank fluid slosh effects. Some consideration is given
to flexible tank modes, but these are not included in the model; it was determined
that such modes could be important for behavior above 3 Hz.

3.3.1 Stiffness Model

The supplied structural idealization above the 14 ft (4.3 m) level consists
of eight main vertical legs connected to simplified floor models as illustrated in
Figure 3-2. The cross-sectional properties of the between deck main leg members
do not account for the stiffness of the neglected interdeck truss members shown
in Figure 3-3. The significance of truss stiffness in lateral shear was assessed in
a simplified strain energy calculation for a single face subjected to horizontal load-
ing. This truss stiffness was found to be more than twice the stiffness contributed
by the main legs. The new structural model, therefore, must include a truss repre-
sentation.

Complexity of the deck flooring rendered a detailed model impractical
for the purposes of the present study. A rough estimate of flooring vertical stiff-
ness was, therefore, used to size equivalent cross-member flexural inertias. Axial
stiffness of the actual cross-members was employed to provide deck in-plane shear

3-3
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stiffness. (In the parameter study described in the next section these axial stiffnesses
are increased to preclude unrealistic in-plane distortions of the decks.) To enable
a more accurate accounting of deck mass distribution, additional overhang members
were included in the deck model. The overhang members were made sufficiently
stiff to prevent unrealistic local overhang modes.

A finite element deck model accounting for the above discussed truss
and floor details was formulated with 99 nodes (594 dof). The member network

for floors is illustrated in Figure 3-4; truss members are illustrated in Figure 3-3.

3.3.2 Deck Mass Distribution _
' The overall weight of the decks above the 49 ft (14.9 m) level including
structure, equipment and fluids was estimated to be 4192 kip (1901 Mg). The break-

down is as follows:

structure 1000 kip (454 Mg)
dry equipment 1903 kip (863 Mg)
fluids : 1289 kip (585-Mg)

The finite element model described in Section 3.3.1 accounts for 270 (123 Mg) and
221 kip (100 Mg) for the lower and upper decks, respectively. Lumped masses of
49.1 kip (22.3 Mg) and 14.5 kip (6.6 Mg) were added to each of the respective lower-
leg and upper-leg stations for proper accounting of mass to each deck level.

Mass associated with equipment and fluids was allocated to nodes closest
to their locations. Special attention was paid to fluids in large tanks. Fundamental
slosh frequencies for the 4000 bbl (640 m3) tank and flotation tank are estimated
generally below 0.4 Hz. Since platform vibration modes of interest are at frequen-
cies greater than 0.6 Hz, an adequate representation is achieved by simply removing.
the slosh mass from the tank fluid (slosh masses are estimated from data presented
in Reference 1). A tabular listing of equipment and structural masses is presented
in Table B-1.

3.3.3 " Assembly of Dynamic Model of Decks

The structural stiffness and mass model described in Sections 3.3.1 and
3.3.2, respectively, is assembled in NASTRAN. The 593 dof model is then reduced
by Guyan reduction (9) to a 96 dof description associated with the main leg nodes
at the lower and upper deck levels (16 nodes, 6 dof each). It should be noted that
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the chosen reduction procedure produces coupled mass and stiffness matrices which
reflect static deflection shapes and corresponding mass contributions at the nodes
which are reduced out. Thus, a degree of consistency is retained in the reduced
mass matrix which is not present when a mass relumping approach is employed.
This reduced mass and stiffness matrix comprises the deck substructure model to
be coupled with the jacket/pile/conductor model

3.4 FLUID VIRTUAL MASS ,

A new fluid virtual mass matrix was developed to represent inclined
members in a more rigorous fashion than in the supplied model. The task consists
of derivation of mass matrices in local displacement coordinates for each individual
fluid element, followed by assembly of these elemental mass matrices into a global
matrix. The latter is identical to that employed for all finite element analysis
and is not elaborated upon. Definition of individual fluid mass elements appears
not to be well known and so js discussed in detail.

Consider the arbitrarily oriented cylindrical beam illustrated in Figure-3-5.
In terms of the beam local coordinate system (Xe’ Yo Ze), the virtual mass of surrounding
fluid, m,, which moves laterally with beam rigid body motion equals the mass
of fluid displaced by the beam

m, = pw

T Rgl (3-1)

where the beam length is given by

£-= \/ Ocp - xa\)2 + oy - ya)2 + (2 - za)2

The above is deduced from two-dimensional potential flow theory. If the member
is flooded, an additional mass, m g2 moves with the beam |

2
mf = ‘DW w R.i l (3—2)
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Figure 3-5. Arbitrarily Oriented Cylindrical Beam



The mass, m £ is active in the two local lateral directions for an uncapped member,

and in all three local directions for a capped member. In member local coordinates
the added mass associated with surrounding fluid and flooding is

mxe = Vf ‘yc mf’ mye = mze = mm + yf mf (3__3)
where ;=1 (flooded),0 (unflooded)
Y.=1 (capped),0 (uricapped)

Adopting a lumped mass approximation, the fluid virtual mass matrix at end "a"
or "b" of a typical beam.in local displacement coordinates (Xe, Ye’ Ze) is

o —

mxe 0
. Mye 0 (3-4)
Mfe' 5 y
0 0 m

zZe

It should be noted that the above expression holds for a fully submerged member.
Special consideration is made for partially submerged members, accounting for
proportional distribution of fluid mass.

On the basis of geometric data illustrated in Figure 3-5, the foliowing
transformation relating local and global displacements is defined:

—y

' o, .
Xe cos Ol cos 92 : sin 01 : sin 02 sin Ol Xg
! {
} {
= - : 1 Ve .
Ye = Ccos 02 sin 01 ' cos 01 ' sin Oz sin Ql Yg (3-5)
| }
[ I
: I |
Ze sin 02 | 0 | cos 02 Zg
N —
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-

where
sin g, = (yb - ya)/[, cos @, = 24
sin@, = ((zy -2z /4" if f%0
0 if f'=0

cos 8, = (- x )/ £"if 140 _
11 =0

where

A \/(xb—xa)2+(zb-za)2

L= \/1,2 + (yb - Ya)z

Denoting the transformation matrix defined in Equation (3-5) as Y, the coupled
fluid virtual mass matrix at node"a"or"b"in global coordinates is

T
My =W Mfellf | (3-6)

3.5 FOUNDATION MODEL

Soil stiffness is accounted for in the supplied model with an effective
increase in pile cross-sectional area to account for axial stiffness[equivalent pile
length below mudline is 100 ft (30.5 m)Jand with a 6 x 6 stiffness matrix for each
mudline node on the sixteen main and skirt piles to represent lateral stiffness proper-
ties. This matrix in kip, inch, radian units (given in global coordinates) is
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% y z
x [ 510 -55X10°
y 510 55%10°
z 0 (3-7)
3 6
g, 55X 10 16.5X10
5, -55x10°> 16.5%10°
9 0
z | | -0

The basic mathematical model does not account for any jacket/soil
interface. Reference 16 incorporated a jacket mudline pin connection in an attempt
to increase fundamental frequencies to agree better with measured data; the results
indicated that such a constraint produces an overly high estimate of frequencies.

In the present study, soft mudline springs are incorporated to account for the possi-
bility of jacket/mudline contact. Appropriate valués of the stiffness constraints
are found by iteration as discussed in Section 3.7.

3.6 ASSEMBLY OF THE COMPLETE MATHEMATICAL MODEL

The matrix descriptions (mass and stiffness) for the jacket/pile/conduc-
tor, decks, fluid virtual mass and foundation were coupled employing the NASTRAN
program. The component matrices are overloaded onto one another as indicated
. schematically in Figure 3-6. Initially the piles are assumed centered within the main
legs; thus, the only pile/jacket connections are at the weld locations 15 ft (4.6 m)

above water level. In subsequent parameter studies, intermediate jacket/pile con-
| nections were enforced by multi-point constraints in the two lateral displacement
directions permitting pile freedom in the axial and rotational directions.

The assembled 1416 degrees of freedom (dof) mathematical model is
then contracted by Guyan reduction (9) to a 213 dof representation to minimize
computation costs while retaining necessary accuracy. The degrees of freedom
retained in the reduced model, illustrated schematically in Figure 3-7, were selected
for adequate representation of lateral, torsional, axial and cross-section distortion
modes in the frequency range below 5 Hz.
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3.7 ADJUSTMENT OF MODEL

A limited parametric study was performed to improve the accuracy
of the mathematical model. Table 3-1 contains natural frequencies for the first
24 modes for a number of variations of the present model (Cases A to G), measured
frequencies from Section 2, and frequencies from the supplied model (calculated
by Shell). We observe that the fundamental model group (first 3 modes) for the
supplied model are 12% to 18% lower than the measured frequencies. Our goal
was to bring these frequencies into better agreement and at the same time bring
the identified higher modes* into reasonable agreement. Our final model, to be
used for the failure studies in Section 4, is Case G. It yields fundamental mode
group frequencies within 0% to 3% of measured values, a second broadside frequency
within 7%, a second torsion frequency within 1%, a third end-on frequency within
15%, and a first vertical within 4%. Except for the third end-on and third torsion
modes, these are considerable improvements in accuracy relative to the supplied
model as seen in Table 3-1. '

The model variations studied in arrivihg at the final model (Case G)
are now reviewed. A brief description of Cases A to G are contained in the legend
to Table 3-1. Case A does not include the virtual mass contribution of fluid surrounding
the submerged jacket members, nor the mass of fluid within the flooded main legs.
In addition, the main piles are taken to be centered within the main legs (that is,
no lateral constraint of the piles by the jacket). The consequence of adding virtual
and flooded mass contributions is seen by comparison of Cases A and B. It is esti-
mated that 13% to 28% of the effective mass in the fundamental mode group is
associated with this added fluid mass. Moreover, it is seen that the added mass
effect is significant for modes as high as the 24th. Cases A and B have the identical
foundation modeling as does the supplied model. The primary reason for the 10%
to 15% higher frequencies for Case B relative to the supplied model is believed
to be the presence of the interdeck truss members in the present model. Secondary
reasons are the more refined virtual mass representation and the fact that the sup-
plied model has the main piles not centered within the main legs (that is, in contact

*Including the second broadside mode at 1.65 Hz detected by the shaker testing

(17) as discussed in Section 2.6.
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with the shims). Examination of shapes for modes 1-4 shows that the interdeck
truss work causes the two decks to translate almost as a single rigid body. While
corfesponding shapes for the supplied model are not available, our approximate
analysis of interdeck shearing indicates that much larger interdeck shear displace-
ment would be present.

As seen in Table 3-1, the Case B natural frequencies for the {first three
mode groups are lower than available corresponding measured values. On the basis
that foundation aspects are the least certain in the modeling, a series of foundation
variations were studied next. First, Case C incorporates a pinned lateral connection
between the main piles and the main legs at the mudline to represent shim contact
at that position. This produces desired increases in the fundamental end-on and
torsion mode frequencies, but has little effect on the fundamental broadside and
on the second and third mode groups. It is speculated in Reference 16 that the mud
mats may be in contact with the mud and are providing stiffness constraint to the
base of the jacket. Pursuing this thought, an extreme case is evaluated to bracket
a jacket/mud stiffness contribution. This is Case D in which the jacket is pinned
to the main piles in the vertical, as well as in the lateral directions as in Case C.
As seen in Table 3-1, this results, as expected, in overly high fundamental lateral
mode frequencies, but in little change to the first torsion mode and to the second
and third mode groups.

Next a reasonable jacket/mud vertical stiffness is sought. Several values
of stiffness were tried before arriving at a value of 500 kip/in. (175 MN/m) per
main leg producing Case E. That final value yields fundamental lateral/torsional
mode group frequencies in good agreement with measured data as seen in Table
3-1. The higher modes appear relatively insensitive to jacket/mudline stiffness
variation as seen by comparison of Cases C through E. It is of interest, however,
to note that the difference in frequency between fundamental broadside and end-on
modes is strongly affected by the value of jacket mudline stiffness.

The effect of main pile/jacket lateral constraint is next examined by
enforcement of lateral displacement compatibility between n'iain legs and piles
at shim locations (as in the supplied model) to produce Case F. As anticipated on
the basis of results in Reference 16, the effect of uncentered piles on the fundamental

mode group is small. Several higher modes, however, are favorably adjusted as
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seen for Case F in Table 3-1. In particular, the second and third torsional mode
frequencies are brought to within 2% below measured values; those modes were
previdusly close to 8% lower in frequency than measured values.

Examination of several modes in the frequency range above 3.5 Hz reveals
significant in-plane deformation of the decks. A reassessment of the deck model
led to the conclusion that neglected flooring members account for significant stiff-
ness not in the present deck model. Therefore, the equivalent cross-members should
be rigidized in their respective local axial directio4ns. This is accomplished in Case
G. As seen in Table 3-1, the result is negligible frequency shifts in all the modes,
but modes 20 and 23 involving in-plane deck deformation are eliminated.

At this point, parametric adjustment of the mathematical model is termi-
nated, since it is judged that the adjusted model represents an acceptably‘good simu-
lation of the actual platform within the scope of the present studies. A set of mode
shape plots for the final model are presented in Figures B-1 through B-22 for the
structure above the -26 ft (-7.9 m) level and for the entire structure. The first
mode group shapes are in good agreement with the available measured data.

More can be done to further improve the model should this be deemed
desirable for future studies. Candidate improvements are (a) modeling of heavy
deck equipment and superstructﬁre as flexible bodies including support flexibility,

(b) employment of a "consistent mass" formulation for the jacket/pile/conductor
model, (c) comprehensive review of the conductor idealization with possible remodel-
ing, and (d) refinement of modes by subspace iteration (4). The first, second and

third suggestions would tend to improve measurement/analysis fidelity in the higher
modal groups. The fourth suggestion would insure against skipping higher modal
content inherent in the full (1416 dof) model; moreover, some difficulties encountered
in numerics associated with damage analysis to be discussed in the following sections
would be avoided.
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4., DAMAGE SENSITIVITY STUDIES

4.1 EFFICIENT ANALY SIS METHOD _ ,

‘During the previous contract (2), an approximate technique was devel-
oped for efficient re-analysis of a structure subjected to local alteration. The tech-
" nique, based on Rayleigh-Ritz considerations, employed a set of trial shapes consist-
ing of a truncated set of original structure modes augmented by a set of vectors
associated with applied static loads at the degrees of freedom influenced by the
damaged member or altered mass. Unanticipated computational cost penalties,
associated with formation of explicit inverses of a large matrix, led to reformula-
tion of the technique during the present study. Recent developments in the appli-
cation of residual vectors for component mode synthesis (8, 14) provided the basis
for the new formulation presented below.

We begin with the description of the free vibration of a structure in

the standard matrix form
MX + KX =0 | (4-1)

where X is the vector of displacements, M is the mass matrix, and K is the stiff-
ness matrix. The modal matrix ¢t’ corresponding to any truncated set of modal
(generalized) displacements q 0 relates the physical displacements, X & stemming
from the truncated set of modes to the modal displacements '

Xy = @y 9 : (4-2)

Applying this transformation to Equation (4-1) pt"oduces the uncoupled

modal dynamic equation set

where

T T
¢t‘ M ¢t=lt" ¢t Kd’t’ Ay



and I + is the unit matrix and At is a diagonal matrix of squared natural frequencies
wg corresponding with the mode shape vector columns of ¢t’

Introduction of stiffness and/or mass alteration to the original structure,
and use of the above transformation to express an approximate smaller dynamic
problem, has been shown to produce considerable errors in the altered mode shapes
and frequencies (8). Augmentation of the original truncated mode set with a small
s‘et of static residual vectors provides the desired increased accuracy.

Consider the static response of the original structure to unit loads applied
at the degrees of freedom corresponding to nodes of a removed member. The set
of unit load vectors is denoted by a matrix, I, for which each column corresponds
to an individual load vector. For example, for vector column j, if a unit load is
applied at Xi’ then X ij = 1 and all other entries in co.lumn j are null. The static
displacement vector set, XS, is therefore

X, =Kl (1)

The approximate static displacement based on the truncated mode set is
-1 T ‘

Xt= e Ay @t I : (4-5)
and the difference between the exact and truncated static displacements defines
the residual displacement, ¢p , associated with static displacement of modes not
included in ¢t: : _ .

$p=K'r-g a7t g : | (4-6)

The truncated mode set, augmented by residual vectors comprises an exact static
response characterization of the original structure subjected to loads at the damage

degrees of freedom. The transformation is

d¢

9P

x='(<;5t iqbp)

(4-7)




Application of this transformation to the Equation (4-1) in the same manner as Equation
(4-3) yields

- — I -
L, 0 4, Ay 0 q, | [o
+ = (4-8)
0 ¢, Mo " 0 &K ' 0
- % M%) L9 _ P %

where the off diagonal partitions are null due to the orthogonality of the truncated
and residual mode sets. That is ‘ '

T : T
¢ K¢ =0, ¢ Mg, =0

The first of the above expressions is easily proven by direct substitution of
Equation (4-6) for ¢p , while proof of the second exbpeséion is a bit more involved
(8).

Consider now removal of the stiffness associated with a severed element
which connects to the degrees of freedom denoted in I. The displacements associ-
ated with the particular element (a set of 12 for a beam), Xe’ are selected as

T T 1T 9t
Xg= I'X=(I ¢t:1" ¢p) (4-9)
9
I ,qu
=(Pee ! <f’pe) q
o

The strain energy associated with the removed membér is

U =4X "K_X (4-10)

where Ke is the stiffness matrix for the element. Substituting for Xe the last form
of Equation (4-9), the change in generalized stiffness is



T T

¢te Ke ¢te ¢te Ke ¢pe

AK = (4-11)
q T T
que Ke ¢te ¢pe Ke ¢pe
Finally, the approximate equation of motion for the damaged structure is
I : 0 q, A, 0 9, ol -
T | e[ T, )~ 2%q ) 12

0 4, M, 4 0 ?p K¢, a, 0

It is noted here that the reduced stiffness matrix exactly represents
the static behavior of the damaged structure when subjected to loads at the damage
degrees of freedom. Moreover, if we are interested in determinin'g the first 30
modes of the damaged structure, we need consider 30 original structure modes, ¢ £
plus the appropriate 12 residual modes due to removal of a single beam element
stiﬁness*. The reduced eigenvalue problem consists of 42 equations compared
to 213 equations utilized in the untruncated structural analysis. Since the computa-
tional cost of a modal eigenvalue analysis is proportional to the square of the order,
the cost of damage mode calculation is roughly 4% of that associated with the un-
truncated model. The one extra computer run incurred in calculation of residual
vectors is greatly offset by the savings associated with approximate analysis of
a large number of damage cases.

Aécuracy of the efficient analysis method is demonstrated in an example
. for which a Face 4 diagonal member (4530) has been severed. Location of the sub-
ject member is illustrated in Figure 4-3 (to be discussed in Section 4.5). Vibration
mode data were calculated by analysis of the complete model in NASTRAN and
by the efficient technique. The first 30 modal frequencies of the baseline structure
(undamaged), damaged structure (NASTRAN) and damaged structure (efficient
technique) are provided in Table 4-1. It is noted first that the frequency shifts

*The use of 12 residual modes per member removal was done for simplicity in com-
puter programming. Six per removal, one for each of six self equilibrating load
sets is sufficient. In fact, in most cases the predominant member loading is axial
so that only one corresponding residual mode may have been sufficient.



Table 4-1 Comparison of Modal Frequences from NASTRAN and
Efficient Method (Member 4530 Failure)

Damaged
Baseline NASTRAN (Efficient)
1 0.6391 Hz 0.6165 Hz 0.6162 Hz
- 2 0.6592 0.6593 0.6592
3 0.9351 0.8730 ' 0.8724
4 1.495 ' 1.487 ' 1.486
5 1.532 ' 1.519 1.518
6 1.686 1:628 1.626
7 1.852 1.852 1.852
3 1.881 1.875 ' 1.875
9 1.894 1.889 1.889
10 1.921 1915 1.915
11 2.002 1.948 1.947
12 2.434 2.421 2.420
13 2.678 , . 2.493 2.490
14 3.079 2.841 ' 2.839
15 3.133 3.084 3.084
16 3,135 3.138 3.134
17 3.282 , 3.282 ‘ 3.282
18 3.529 3.529 3.529
19 3.711 3.635 3.633
20 3.810 3.713 3,712
21 3.974 . 3.815 3.811
2 4.128 3.996 3.996
23 4.183 4.129 4.128
24 4.366 4344 4.343
25 4.547 4.410 4412
26 4,569 4.552 %.550
27 4.721 ' 4.593 4.584
28 4,929 4.930 4.926
29 4.976 4.969 4.968
30

5.155 5.160 5.155
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due to damage are not numerically negligible in general. Moreover, the results
of complete NASTR AN analysis and the efficient technique are extremely close
to one another (within 0.2%).

4.2 INTERPRETATION OF ANALYTICAL SENSITIVITY DATA v
The form of the approximate equations of motion for the damaged struc-
ture in Equation (4-12) provides an identification of the modes as a superposition
of the truncated modes of the undamaged structure and the residual vectors. As
will be seen, this form is most useful for tracking changed modes and for easily
spotting important mode shape changes.
The modes from EqUation (412) are expressed in térms_ of a modal trans-
formation ¢ 4

9

= ¢ d 94 (4-13)
a4 '
where the g qare the generalized coordinates for the damaged structure. Note
from Equation (4-12) that if there is no change in generalized stiffness CAKq = 0),

then
0

i

!
——— e ——

]

i ¥

The left column shows that the original mode shapes are preserved. The right column

(4-14)

represents a "modal" transformation for the residual vectors which remain ortho-
gonal to the unaltered truncated mode set. Also, the natural frequencies of the
lower truncated set are necessafily identical to these of the undamaged structure
in this limiting case.” |

The case of change in generalized stiffness, AK , is now considered.
Calculation of the mode shapes from Equation (4-12) with the vectors normalized
to unit modal mass will produce generally full columns in ¢ dr The extent of altera-
tion in mode shape can be assessed by the deviation of ¢ y from the limiting undam-
aged case in Equation (4-14). An interpretive example case is presented next as
an illustration.

4-6



(4-15)

where N is the order of the approximate equation set (number of truncated original
modes plus residual degrees of freedom). The €'s are typically much less than one.
It is assumed that the normalization process will require that ekj be negative to |
insure unit modal mass. The largest entry in Equation (4-15), namely the 1+ekj

in row k, indicates that the mode j of the altered structure corresponds most closely
with mode k of the undamaged structpre. Moreover, tt‘fe smaller entries, eij (i £k),
indicate the extent to which the original mode shape is altered by combination
with other original modes. In particular, if Equation (4-13) is combined with the
modal transformation for the undamagéd structure, Equation (4-7), the physical

displacements in mode j of the damaged structure is
X.=(¢, 1 &, ) ¢ © (4-16)
dj = "%t | "o dj 9

It becomes clear that this product of modal vectors represents the combination
of original modes producing-the deflections in the damaged case. That is,.

where the d)i. are the elements of the jth row of the original modal transformation
( ¢t§ Pp). The €; entries are thus the fractional contributions of original modes
comprising the damaged structure mode.

It is emphasized that the sequencing of damaged structure modes may
change (e.g., original sequence is broadside 1, end-on 1, torsion 1, . . . while the



altered sequence may be "end-on 1", "broadside 1", "torsion 1"y ...). The largest
elements of ¢ 2 show the cdrrespondence of the modes of the damaged structure
to the modes of the original structure. In the example posed by Equation (4-15),
the fractional change in the "kth" original structure modal frequency is

wy oy (4~18)
Usually a damaged structure mode is predominantly a combination of
original modes closest in frequency to that of the subject mode. In some cases,
however, entirely new modes are introduced which are well within the frequency
range of the truncated origihal mode set. Such modes are characterized by large
contributions associated with the residual vectors. In order to facilitate the assess-
ment of the residual contributions, the residual modal coordinates in Equation (4-12)
are scaled so that the residual mass matrix becomes the unit matrix Ip . This is
accomplished by employing the Cholesky factor decomposition (10) of the residual

mass matri_x:
T - T '
¢’p M ¢p = Lp Lp (4-19)
where L p is a lower triangular form, and introducing the transformation
(4-20)

Application of this transformation to Equation (4-12) in the usual symmetric man-

ner produces the mass balanced approximate equation set



I 0 ’q’t q, 0
. [K'dzl - (4-21)
0 1, ] 'q':o q:o 0 .
where
| A o

o
[w]
et
o

-1 9 -T
P 0 Lo

The only difficulty noted in this form is the possibility of a singular (or poorly condi-
tioned) residual mass matrix which may occur due to use of a singular lumped mass
métrix for the mathematical model (i.e., rotational inertial terms are null for beam
members). Calculation of damaged structure mades with the balanced equation

set has been found to alleviate interpretive difficulties for several damage configur-
ations; however, singularities in residual mass were noted in two exceptional cases
to be discussed in a later section.

Observable changes in mode shapes can be identified by evaluation of _
the interrelationships among mode shape physical displacements as defined in Equation
(4-16) (e.g., the ratio of two corner lateral displacements). The degree of excitation
of a mode from wind and waves may be roughly assessed by noting physical displace-
ments in the-vibration modes near the ocean surface (where wave excitation occurs)
as well as deck physical displacements (where wind excitation occurs). Relatively
low modal displacements on the deck and ocean surface vicinities indicates that

a mode is not likely to be observable with ambient vibration monitoring.



In summary, the procedure for evaluation of analytical sensitivity data
ma is as follows: ‘ _

o Classify altered structure modal data with respect to original
structure modal data on the basis of dominant original mode contri-
butions in the vectors ¢ g4 ;

o Calculate frequency alteration on the basis of corresponding dam-
aged and undamaged structure modes; see Equation (4-18).

o Quantify overall mode shape sensitivity on the basis of the relative
original mode contributions in ¢ ; see Equation (4-17).

o Assess observability and alteration of mode shapes on the basis
of physical mode shape displacements; see Equation (4-16).

4.3 CRITERIA FOR FAILURE DETECTION ‘

Before proceeding to the matter of the predicted frequency and mode
Shape changes resulting from failures, we address the question of how reliably such
changes can be detected from monitoring data. We are faced with measurement
uncertainty as well as uncertainty due to nonfailure causes. Because the prediction
of sensitivity to nonfailure causes was beyond the scope of this study, the failure
detection criteria developed will necessarily be somewhat speculative.

First we deal with the matter of the detectability of changes in modal
frequencies. We assume that all known reasons for shifts of natural frequencies
(that is, all nonfailure bias causes) have been estimated and taken into account.

For example, a complete inventory of deck mass has been made, the extent of marine
growth has been estimated, and the modal frequencies adjusted on the basis of sensi-
tivity analyses regarding such effects. In the absence of structural failure, we
assume that there is a zero-mean, normally distributed, random uncertainty in each
natural frequency. This random uncertainty results from errors in measurement

and in accounting for the various nonfailure effects.

The following question is now asked: In a remeasure of the natural fre-
quencies of a platform, what magnitudes of change would have to be detected to
conclude reliably that structural failure has occurred? We approach the answer
by first hypothesizing that no failure has in fact occurred. It follows that there

is no difference between the mean value of a natural frequency (adjusted for bias

4-10



effects) and its prior mean value. Further we assume that the standard deviation,

o, for the two measurements (new and previous) are the same. Since the two mea-

'surements are independent of one another, basic statistical theory tells us that

the random difference between them has a standard deviation of \/2_ o. We can
conclude, that with a chance of being wrong 5% of the time, a difference in a natural

frequency of more than 2 \/? 0 is cause for rejection of the original hypthesis that

no failure has occurred. This will be the basis of our threshold estimate.

It remains to estimate the value of the standard deviation. For the
well identified modes of SP-62C, four categories of random error are estimated
and their 2 ¢ values (95% likelihood) listed in Table 4-2. These are measurement
errors, sea state nonlinear effects, errors in estimating deck mass, and a miscel-
laneous category. The values in the "measurement" column reflect the judgement
that the uncertainties given in Table 2-2 are 2 ¢ values. The "sea state" column
shows 1/3 of the shifts seen in the natural frequencies of the fundamental mode
group from a calm to a moderately heavy sea condition as a judgement of the un-
certainty in the ability to bias these frequencies for the observed seé state. The
next two columns are based upon pure guesses in the absence of any study for SP-
62C. The "deck mass" column reflects the roughly estimated frequency effects
of a 5% uncertainty in the mass of contained fluids, which for SP-62C accounts
for 31% of the total deck mass. The "miscellaneous” column is an optimistically
low "crystal ball" guess at everything else (such as soil stiffness properties, mudline
movement, marine growth, corrosion). The modes above the fundamental group
are given a higher frequency uncertainty based upon tendencies noted in the sensi-
tivity studies of Reference 20. Based upon the independence of the errors in the
four categories, the "net" column is their root-sum-square combination. The "detec-
tion threshold" values in the last column of Table 4-2, given by \/2— times the net
2 ¢ errors as derived in the previous paragraph, are intepreted to be the minimum
changes in natural frequency for reliable indication of structural failure. As an
overall judgement these results are viewed as probably being optimistic. Since
the results are at best qualitative, for ease of following discussions, a 1% frequency
change for the fundamentals and a 2% change for the higher modes will be employed
as an optimistic threshold of failure detectability.

4-11
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)

The estimation of a detection threshold for mode shape is even more

nebulous than for frequency. For one thing, no information at all is available for

nonfailure causes even in the literature. One positive point is that no uncertainties

are expected to result from sea state nonlinear effects since the symmetry proper-
ties of the platform should not be influenced. The measurement uncertainties stated
in Section 2.5 are 10% for ratios of major deflections for the fundamental modes
and 20% for the higher well identified modes. Let us assume, as was done for the
frequency uncertainties, that these are 2 ¢ values. For want of anything more
sensible, we further assume that the ratio between frequency detection thresh-
olds and 2 0 measurement errors in Table 4-2 applies roughly as well to the mode
shape detection thresholds. A round number for this ratio is 2. So the thresholds
become 20% and 40% in major modal ratios for the fundamental and higher well
identified modes, respectively.

A caution about high coherency is in order. The uncertainties in measure-
ment of an amplitude ratio (and phase) decrease as the coherency increases (7).
So these thresholds apply only if the coherencies are comparable to those measured
on SP-62C (discussed in Section 2.5). A situation where such high coherency may
not be possible to attain is when the broadside and end-on modes couple together
in shape but are still very close in frequency. If this becomes an importa’nt. consid-
eration for reliable failure detection, special study will be needed.

4.4 MODE OBSERVABILITY _ ;

The ability to detect natural frequencies and mode shapes from field
data is essential to the monitoring method. Here we deal with the matter of the
relative likelihood of good observability of the modes in a field test on the basis
of the analytically predicted modes.

The structural response in a mode is proportional to the product of the
modal amplitudes at the measurement and excitation locations, as well as to the
level of the excitation at the modal frequency. Predicted modal amplitudes along
a corner leg are presented in Figure 4-1 for modes 1-6 and 11-16 in the directions
indicated.* Figure 4-2 contains plots of the largest of the two lateral modal ampli—
tudes at the A4 or Bl legs versus mode number (1-15) for three platform levels:
-26 ft (7.9 m), 14 ft (4.3 m) and the decks.

*Conductor modes 7-10 are not useful for monitoring and are ignored.
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Figure 4-2. Modal Amplitudes at Various Upper Platform Stations
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On the assumptiori that the predominant ambient excitation exists near
the sea surface, Figure 4-1 shows that modes 4, 5 and 15 would tend to be poorly
| excited and hence poorly observable. Moreover, it is seen that the most advanta-
geous measurement locations in the first two fundamental mode groups (modes
1-6) are at the deck level. Higher modes are more appropriately measured at the
14 £t (4.3 m) level, and even better measured at the -26 ft (-7.9 m) level, as indi-
cated in Figure 4-2. High modal amplitudes at this below water level are attributed
to the long unsupported column sections on the A4 and Bl legs (see the Appendix
B modal plots). Increased difficulties and cost will clearly result from below water
accelerometers. Such locations, however, should at least be considered if improved
modal sensitivity in higher modes were found to be hlghly useful. It is noteworthy
that conduits enabling below water placement of accelerometers from topside have
been installed on legs of Cognac and are or will be installed on several other Shell
platforms.

4.5 FAILURE SENSITIVITIES FOR FIRST THREE MODE GROUPS

A representative set of 31 single member failure configurations was
selected to evaluate vibration mode sensitivity to encompass various member types
(diagonal, vertical, horizonfal), degrees of redundancy of member grodps, and various
member locations. The selected members are noted and numbered in Figure 4-3;
their location within bays I-IV are sometimes referenced. In addition, a single main
pile failure condition in the A4 leg was selected to assess sensitivity of that member
type. Sensitivity of the lower three lateral and torsional mode groups to member
failures is covered in the following discussion. Failure sensitivities of higher modes
are covered in Section 4.7. ‘

4.5.1 Face 4 Diagonal Member Failures

The frequency and mode shape sensitivity associated with Face 4 diag-
onal member failures is summarized in Table 4-3. Generally, it is noted that a
2.8 to 3.6% reduction in the fundamental broadside frequency (fbl) occurs and a
more pronounced 4.8 to 6.7% reduction in the fundamental torsional frequency
(f ﬂ) occurs. The fundamental end-on frequency (fel) and mode shape (% 1) are vir-
tually unaffected by Face 4 diagonal failures since those members contribute negli-
gible strain energy in such a mode. In contrast, the fundamental broadside and

*Conductor modes 7-10 are not useful for monitoring and are ignored.
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torsional mode shapes ( ¢bl and ¢ ﬂ) are affected in that the altered broadside mode
consists of 10 to 13% (undamaged structure) torsion and the altered torsional mode
consists of 11 to 14% (undamaged structure) broadside. The alteration in fundamental
broadside shape tends to "point" to Face 4 as the weaker face. For example, failure
of member 4530 produces a ratio of Face 4 broadside to Face | broadside motion

at the deck level of X4/X 1= 1.26 compared to a value of 0.93 for the undamaged
structure.

Alteration of the second and third groups of lateral modes is less consis-
tent among the three selected failure cases than for the fundamental group. The
mixed nature of the closely spaced second lateral modes (f 12 = 1.495 Hz, f'lz =
1.532 Hz for the undamaged structure) persists with member failures. Substantial
shifts occur in the second torsional mode (f t2) for failures in members 4520 and
4530, with corresponding significant mode shape alteration (¢ 1:2). Very pronounced
frequency shifts greater than 7% occur in the third broadside mode (fb3) for fail-
ures in members 4530 and 4540, while negligible change in that mode occurs for
failure of member 4520,

The frequency sensitivity to Face 4 diagonal member failures is well
into the measurable sensitivity level (well above the 1% threshold for group 1 in
two modes and well above the 2% threshold in at least one higher mode). Moreover,
mode shape changes in the fundamental broadside mode appear to "point" in the
direction of the face having the failure.

4.5.2 Face A Diagonal Member Failures

The frequency and mode shape sensitivity associated with Face A diag-
onal member failures, summarized in Table 4-4, is substantially less than that asso-
ciated with Face 4 diagonal member failures. The fundamental mode group experi-
ences frequency reductions between 0.8 and 2.0% for the end-on and torsional modes.
The fundamental broadside mode is virtually insensitive to Face A diagonal member
failures since those members contribute negligible strain energy under overall broad-
side deformation. Fundamental mode shape changes for Face A diagonal in general
are not pronounced with the exception of two cases of failures in members 3920
and 3970; the altered fundamental broadside mode includes 42% and 30% end-on
motion, respectively, and the altered fundamental end-on mode includes 42% and
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30% broadside motion, respectively, for failures in members 3920 and 3970. The
fundamental torsional mode shape experiences small change compared to changes
associated with Face 4 diagonal failures; the greatest contribution to the torsional
stiffness of the platform is associated with Faces | and 4 due to their large distances
from the center of twist of the overall platform as a beam.

The second mode group experiences frequency sensitivity ranging from
1.1 to 2.2% reduction in the lower laterai mode for failures in members in bays
I and II. Shape sensitivity also is present in the closely spaced second lateral mode
group pair; however, it is doubtful that such mode shape changes could be exploited
for detection since these modes were not well identified from the field data. Failures
in members in bays Il and IV produce negligible alteration in the second lateral-
torsional mode group. The third mode group, in Contrast, is relatively insensitive
to failures in members in bays I and II, but the third end-on is more sensitive to
failures (2.1 - 3.2% frequency reduction, negligible shape sensitivity) for members
in bays Il and IV.

4.5.3 Face 3 Diagonal Member Failures

Face 3 diagonal member construction differs from that of Faces
% and A in that an "X" configuration is employed rather than a single diagonal con-
necting cell corners. The first, second and third mode groups are relatively insen-
sitive to Face 3 diagonal member failures as indicated in Table 4-5 with one excep-
tional case (member 4800 failure with 2.0% reduction in third broadside mode fre-
_ quency). |

4.5.4 Horizontal Member Failures |

With the exception of horizontal member failures in Face 4, i:he first
through third mode group is very insensitive to such failures. In the case of Face 4,
the first mode group is virtually insensitive while the second and third mode groups
exhibit relatively significant frequency and mode shape sensitivity as indicated
in Table 4-6. The second and third torsional modes exhibit the greatest sensitivity
in those mode groups. The second torsional mode is lowered in frequency by 6.8%
for member 2040 and the third torsional mode by 2.4% for member 2320.
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4.5.5 Skirt Pile Diagonal Support Member Failures

Failures in two types of skirt pile support member groups are examined.
Members 4510 and 3890 serve as diagonai braces on Faces 4 and A, respectively,
and members 4750 and 4590 serve as diagonal braces in the planes of Faces 3 and 2,
respectively. Failure sensitivities for the above members are indicated in Table 4-7.
The Face 4 and A diagonal braces failures produce frequency reductions of 1.8%
(first end-on mode) and 2.0% (first broadside mode), respectively. In each case,
the.respective mode shapes are altered such that greater than 30% of the revised
shapes include lateral motion in the orthogonal plane_(i.e., member 4510, revised
first broadside is 95% original broadside plus 31% original end-on). The Face 2
and 3 failures exhibit significant frequency sensitivity, without mode shape altera-
fion, in the third broadside mode. Unfortunately, the third broadside mode was
not identified during the field test of SP-62C.

4,56 Vertical Member and Main Pile Failures '
Difficulties were encountered in calculation of modal changes with
the efficient analytical technique due to poor conditioning of the residual mass
matrix, Equation (4-12). It was therefore decided that, for the vertical member
failure cases (members 3190, 3560) and for the main pile failure case, revised modal
data due to the above failures would be calculated with NASTRAN on the full dyna-
mic model. Classification of modal sensitivities is not as clear nor as quantitative
a task as with the efficient technique (Section 4.2).
Lateral and torsional mode sensitivities in the first three lateral mode
groups are summarized in Figure 4-4 in terms of deck lateral motions. Failure
of member 3190 on the A% corner produces a dramatic change in the first mode
group. Two extra modes are introduced due to the failure and appear to be readily
excitable by the wind, wave environment. The frequencies of the new first group
modes are 0.622, 0.632, 0.660, 0.674 Hz, and 0.938 Hz. The last mode, fundamental
torsion, is virtually ‘identical to the corresponding undamaged structure mode.
Additional significant sensitivity is evident in the second and third torsional mdde
frequencies, which increase by 3% and decrease by 2%, respectively, relative to
the undamaged case. Failure of member 3560 results in generally minor changes

in frequencies and mode shapes; the largest change occurs in the second lateral

_ mode group with the mode originally at 1.532 Hz reducing to 1.507 Hz (-1.6%).
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Figure 4-4, Vertical Member Failure Modal Sensitivity
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Failure of the A% main pile results in significant changes in the funda-
mental broadside and end-on modes as illustrated in Figure 4-4. The 4.7% reduc-
tion in the fundamental broédside mode is the most major change. The second and
third lateral-torsion mode groups are virtually unchanged due to the subject pile
failure.

4.5.7 Summary of Sensitivities and Detectability Judgments

The frequency sensitivity results are summarized by member category
in Table 4-8 showing minimum-maximum percentage changes in the modes of first
three groups. Judgments of detectability (from likely to impossible) are shown
at the bottom of the table based upon the relationship of the magnitudes of the
chaﬁges in modes well identified in field test to the 1% and 2% thresholds, giving
credit to the existence of multiple modés with detectable frequency change.

b6 MODAL SENSITIVITY AND LOAD PATH ALTERATION

The evaluation of changes in the first three mode groups resulting from
single member failures produces a mixed set of sensitivities dependent on member
redundancy, orientation and location. Correlation of mode sensitivity levels with
structural configuration and correlation of mode sensitivity levels with member
load redistribution are two fundamental issues which must be addressed to place
results from SP-62C in proper perspective. Moreover, categorization of SP-62C
with respect to simpler platform designs typical of North Sea structures as well
as larger, more redundant platforms is quite desirable. In order to effectively accompiish
the above correlations, simplified models are employed to establish trends.

4.6.1 Frequency Sensitivity of the Fundamental Mode Group

The fundamental mode group behavior of a typical platform is assumed
to be that of a multi-bay shear beam with mass concentrated at the upper end,
as illustrated in Figure 4-5. The lateral flexibility of such a structure is due to
flexibility of the trusswork, the foundation, and the relatively soft section immedi-
ately below the deck level. Assuming a rectangular configuration (batter neglected),
the shear flexibility of a typical bay is estimated to be

C -(4-22)

.
~ nk
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where k is the stiffness aésociated with each diagonal member and n is the number
of effective diagonal members in the bay. Vertical members corresponding to main
legs are assumed axially rigid and the stiffness contribution of horizontal members
is neglected. The total lateral flexibility for "p" bays,

(4-23)

The additional flexibility due to foundation and shear compliance of the upper section
is expressed as a factor, ¥, times the compliance of the p bays,

Cs = 7ct : | (4-24)

The estimated overall lateral flexibility is, therefore

o t S nk

C =cC. +c -+7¥kp (4-25)

where the constant, 1 + 7 , is readily estimated as the ratio of total deck displace-
ment to the shear deflection of all truss bays (Figure 4-5). It is convenient to refer
to the numerator quantity (1 + ¥ )p as an "effective" number of bays, Pe Denoting
the total mass of the decks as M, the fundamental lateral frequency estimate of

. this equivalent structure is

£ = 1 nk
o~ 2m Mp, (4-26)

It should be noted that for a fundamental torsional hode, M would correspond to
mass moment of inertia and the constant n would correspond to the eifective num-
ber of members deforming under torsional motion.

If a single diagonal member in any bay is severed, the overall flexibility
may be expressed as

e (8-27)
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resulting in a damaged structure frequency estimate of

m 1 n{n - Dk
f, = (4-28)
| | d - 2w \/M [l +(-Dp.]
The fractional change in fundamental frequency is, therefore
1
At fatfe _1
fo - £ - 1+ | (4-29)
fn-lsp e

1
- ST UPe for (n—l)pe > 1

Where the term 1/ (n--l)pe expresses the fractional increase in overall compﬁance'
produced by the failure. The result implies the following?

(@) frequency sensitivity is inversely proportional to the number of

effective members remaining in a bay after damage.

(b) although the total shear load due to deck acceleration is carried

) equally by all bays, frequency sensitivity is inversely proportional
_ to the number of the effective stories, Pe
(¢) soft foundation and below deck shear flexibilities tend to increase
the effective number of stories and thereby decrease frequency
sensitivity.

It is finally noted that the above observations apply to diagonal member
failures which are believed to be the most significant in practice. Horizontal mem-
bers are assumed in general to be less significant than diagonals. Vertical members
are assumed to be less likely to fail.

4.6.2 Sensitivity of Simplified Platform Structures

The above discussion addresses the general question of fundamental
mode frequency sensitivity for a wide class of shear beam structures. While a simple
approximate relationship between frequency sensitivity, structural redundancy
and effective number of stories is established, Equation (4-29), frequency sensitivity
associated with mode shape alteration (end-on, broadside, torsion coupling due to
damage) and member load sensitivity remain to be examined. This section deals

m with finding trends for these matters by analyzing simple models of platform type

structures.
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Consider shear beam structures typically configured as that illustrated
in Figure 4-5. Let each "floor" composed of horizontal members be considered
rigid and massless. All lateral and torsional compliance is assumed to be due to
diagonal members only. Since the structural mass is assumed concentrated at the
deck level, each typical structure is described dyhamically with three degrees of
freedom, namely two lateral displacements and one torsional rotation. In order

to establish the distribution of member load, static lateral loadings are applied

at the top.

The procedure embloyed is as follows:

(@) Define the inter-deck shear and torsional stiffness of a typical

bay configuration (Figure 4-6):

XX Xy X@ X

k k k
yxX yy ye 6)’

k k k
L 6x gy 60— 5]
or in matrix shorthand

Kbay 9 bay " F

k k é F

]
Tl

(4-30a)

(4-30b)

where Kb ay is diagonal for a symmetric structure (assumed so

in the absence of damage).

(b) Define the total lateral-torsional flexibility of the structure as

pe
C, = -1
£ 20 ()

i=1

(4-31)

(c) With the assumption of a symmetric deck mass distribution, calcu-

late the fundamental modes of

M
C M

@ <o X
-’.

MR
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‘where R is the deck radius of gyration.

(d) Perform steps (a) through (c) for the undamaged and damaged
structure for all damage configurations of interest and establish
frequency sensitivity. .

(e) Noting that lateral loading is equally transmitted to all bays, calcu-
late the undamaged bay static deformations 4, 6y, dgdue to
unit loads Fx and Fy separately. Established individual member
loads associated with the deformation pattern.

(f)  Repeat step (e) for the bay which has sustained damage and estab- -
lish the greatest member loading change with respect to the un-
damaged condition. _

The series of structures illustrated in Figure 4-6 have been evaluated

by the above technique. The chosen configurations range in complexity from rela-
tively simple ones (North Sea, and Buzzard's Bay (19) and Ambrose (20) types) to

the SP-62C and Cognac types. The results of the general evaluation are: (a) Figure
4-7 which illustrates a relationship between frequency sensitivity and fractional
compliance increase parameter 1/(n-1)pe and (b) Figure 4-8 which illustrates a general
relationship between normalized load sensitivity for elastic behavior and frequency
sensitivity. In both cases scattering of data (relative to at least squares linear

fit) occurs since the sensitivities are dependent on geometry of the subject bays

as well as the compliance parameter 1/(n—l)pe. The result of applying Equation

(4-29) is shown on Figure 4-7 and labeled "simple model."

The frequency versus compliance parameter relationship presented in
Figure 4-7 includes actual complete mathematical model results for the présent
SP-62C, Buzzard's Bay Tower (19), and Ambrose Tower (20). It should be noted
that the soft mud stiffness and long sections of non-braced legs for the Ambrose
Tower produce a relatively large number of effective stories (pez 20) determined
on the basis of a modal deflection curve presented in Reference 20.

On the assumption that 1.0% frequency sensitivity is an optimistic detec-
tion threshold for the fundamental mode group, it appears unlikely that most member
failures would be detectable for the Cognac class of platforms on the basis of
fundamental frequency data (Figure 4-7 shows <1% change for the "Cognac type"
model structure). On the other extreme, much less redundant platforms (such as
typical North Sea structures) appear to be generally more sensitive (above 2% frequency
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BAY CONFIGURATION STRUCTURE CHARACTERISTICS
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Figure 4-6. Description of Structural Configurations

Used for Sensitivity Studies
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shifts), in agreement with reports for North Sea structures (6). Finally, it is of
interest to note that results fbr the simplified platform resembling SP-62C fall
close to the sensitivity levels associated with the complete model. This fact adds
confidence to the estimated trends indicated above.

- The normalized load versus frequency sensitivity relationship indicated
in Figure 4-8 must be carefully interpreted since the number of effective stories
is employed as a normalizing factor. For example, the point (AL/L)p o= 1% for
the Cognac type of structure with Pe = 20 translates to a 20% load sensitivity asso-
ciated with about a 0.2% frequency change. As intuitively expected from shear
beam behavior, load sensitivity is principally a function of individual bay redundancy
and is relatively insensitive to the number of stories since total lateral loads are
transmitted equally to all bays. Frequency sensitivity, however, is strongly influenced
by both number of bays and individual bay redundancy. Employing the best fit load
versus frequency sensitivity line, one may estimate relative structural significance/
frequency sensitivity levels for various structures. Definite judgments on structural
significance thresholds are not appropriate here since design safety factors are
unknown and safety philosophy is established by the operator.

The relationships developed for frequency sensitivity versus member
participation (Figure 4-7) and normalized load sensitivity versus frequency sensi-
tivity (Figure 4~8) can be extended to apply to multiple member failure configura-
tions. Multiple member failure participation may be expressed in terms of the
compliance participation parameter m/ (n-m)pe, where m denotes the number of
failed members in a particular bay; it is presently assumed that the general relation-
ship in Figure 47 is valid when the abscissa is interpreted as m/ (n-m)perather
than indicated in the graph for m = 1. If 1% frequency change is taken as the thresh-
old for detection, failures contributing 1.2 to 2.5% or more to the overall compli-
ance are detectable. '

For the SP-62C class of platform, Pe ™ 6 and n = 6, yielding the result
that one failure should be detectable (for diagonals not in an "x" configuration).

This agrees with the results on SP-62C. For the Cognac class of platform, p e =
12 t0 20 and n = 12 or 16, yielding the result that 2 to 5 members must fail in a
bay to be detectable.
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The normalized member load increase (AL/L)/ P is assumed to bear
the approximate relationship with frequency sensitivity indicated in Figure 4-3.

A 1% threshold for detectable frequency change corresponds to-a normalized load
‘sensitivity range of 0.013<(AL/L)/p_ < 0.06 based upon an engineering judgment
of the scatter of results on Figure 4-8. For SP-62C with p e ™ 6 bays, the marginal
frequency change threshold implies critical member load changes roughly between
8% and 36%. For the Cognac class of platform'with Pe = 12 to 20, the marginal
frequency change threshold implies critical member load changes roughly between
26% and 120%, which are quite large relative to SP-62C. '

Gulf of Mexico platforms are subject only to winter storms as the worst
environment while manned. It has been stated (12) that winter storm loads provide
no more than 40% of the hurricane design loads. Thus, for SP-62C, the fact that
the frequency threshold permits detection of failures producing no more than a
36% load increase (implies maximum load reaches 0.4 times 1.36 or 0.54 of desigh
load) is significant and encouraging for the monitoring concept for this structure.
Similarly, the fact that load changes up to 120% may occur in a marginally detect-
able situation for Cognac type platforms leads to a possible reaching of 0.88 of
design load. While there is some hope for useful monitoring of a Cognac type plat-
form, the task is evidently considerably more demanding than for a smaller platform.

It should be restated, at this point, that all of the above sensitivity and
structural significance observations are limited to the fundamental mode group
and to diagonal brace members. One may speculate, however, that the trends will
also hold for horizontal and vertical member failures.

4.7 HIGHER MODE SENSITIVITY

" The sensitivity of analytical vibration modes beyond the first three |
fundamental mode groups is now examined. It should initially be emphasized that
the calculated higher modes do not necessarily correspond to measured data. However,
study of analytical data is believed to provide some insight into the potential utility
of higher mode sensitivity to member failures. ' ‘

A summary of wide frequency range modal frequency sensitivity is pre-

sented in Table 4-9 for typical member failure configurations; frequency changes
in excess of 0.5% are noted for modes | through 25. In general it is seen that while
frequency sensitivity is prominent for several failure categories, a frequency sensi-

tivity in the higher modes covering all types of failures is not present. Pronounced
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frequency sensitivity in the higher modes does not necessarily indicate greater

- significance of specific member failures, principally because an evaluation of that

point has not been made in this study.

A summary of wide frequency mode shape sensitivity is presented in
Table 4-10 for the same failure categories denoted in Table 4-9. The criterion
for denoting a mode shape as sensitive is a greater than 10% participation of undamaged
neighboring modes in the damaged structure shape in question (see Section 4.3).
It is noted that shape alteration appears more abundant than frequency alteration
in the higher modes. In view of considerations discussed in Section 4.4, mode shape
sensitivity measurement may require reliance on accelerometers very close to or
slightly below the water line. _

One theoretical mode stands out as being shape sensitive to all failure

classes, namely mode 14 which is the first truss cross-section warping mode. This

mode illustrated in Figure 4-9 and in Appendix B (Figure B-14) is of particular interest
since the decks are relatively motionless rendering the mode insensitive to deck

mass loading changes. A summary of sensitivities for this mode is presented in

Table 4-11. The selected shape parameter is the ratio of the broadside lateral deflection
between the A% and Al legs at the 14 ft (4.3 m) level. Note that only two cases,

both horizontal member failures, produce under a 20% change in this shape parameter.
Recall that the 20% change is the value for a detection threshold assumed in Section
%.3. Note also the lack of correspondence between frequency and shape changes.
Further, it is emphasized that an ability to detect thlS mode from ambient vibration

has not been established.
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5. EVALUATION OF PROTOTYPE SYSTEM

The system is intended to implement the conventional approach of
ambient vibration monitoring. By this is meant the detection of the frequencies
and shapes of the fundamental mode group, and of as many of the second and third
group modes as can readily be extracted from the data. A series of field tests
of a prototype system is recommended to provide the operational experience neces-
sary to optimize the data acquisition and interpretation for an efficient operational
capability. In general terms an instrumentation system is described, a method
for analyzing the data is recommended, and requirements for field testing are
outlined.

5.1 DESCRIPTION OF INSTRUMENTATION SYSTEM

This section contains a general description of the elements of a proto-
type system. Examples of candidate equipment are listed in Table 5-1. The detailed
design of an actual system has not been carried out.

Six accelerometers (plus spares) are required. At this time it appears

- that accelerometers of the force balance type (also called servo rebalanced) are

most suitable. However, the suitability of low g, high gain piezolectric accelero-
meters having integral preamplifiers deserves investigation. The specific accelero-
meter and cable for a prototype system should be selected after detailed evalua-
tion of their operating specifications, including laboratory or field evaluation.

A partial listing of operating specifications for the accelerometer/cable combi-
nation is '

Full-scale range: 20.lg

Scale factor: 2 2 v/g stable within 1%
Frequency range (3db): 0.2 to 5 Hz minimum
Noise (0.2 to 5Hz): < 0.1 ug’/Hz

Cross-axis sensitivity: < 0.01

Insensitivity to temperature fluctuations and to electromagnetic disturbances,
mechanical ruggedness, and water tightness are also important characteristics.

The outline of a candidate accelerometer for this application is shown in Figure
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TABLE 5-1. Examples Of Candidate Equipment for Prototype System

EQUIPMENT

Accelerometer:
Sunstrand QA 1300

Signal Conditioner:
Kinemetrics SC-1
(4 channel)

Analog FM Tape Recorder:
HP 3968A (8 track, % in.)

Digital Data Acquisition System:l

Kinemetrics DDS-1103
Data Module

Tape Transport
Reel - 7 in. (18cm)

FFT Spectrum Analyzer:
HP 5420A (dual channel)

1Al‘cemative to analog recorder.

25 bdivided into 3 chassis.

NUMBER
REQUIRED

6

SIZE (each)
in. (cm)

1.2 X1.2X 1.5
(2.9 X2.9X3.8)

16 X10X11%

(#1 X 25 X 29)

17% X 16.8 X 10.1
(44.5 X 42.7 X 25.6)

19 X 12% X 21
(48 X 32 X 54)

19X83/6X7%
(48 X 22X 19)

25% X 16 3/4 X 16
(64 X 43% X 40%)

WEIGHT (each)
Ib (kg)

0.2
(0.1)
20
9)

69
(31.3)

50
(23)

25
(11)

115
(52)



 PENDULOUS

D EEEAEne——

AXIS

ia
| SN LI
Y (

L

PENDULOUS q.77 % A
: A
~ X5 ‘ 0. 100. (:)0 Ofm
~1.00 DIA—=
SENSITIVE
(input)
PENDULOUS I AXIS
AX1S PIVOT

(output)
AXIS

Figure 5-1. Sunstrand QA 1300 Accelerometer

5-3



5-1. A somewhat larger version having an integral connector would be required.

Six fixtures for mounting of the accelerometers should be available.
Each fixture should have the capability to carry three accelerometers, one along
each of three mutually perpendicular axes. The fixtures should have provision
to permit mechanical clamping to the circumference of a main leg. A possibility
for the clamping is by means of a circumferential strap, wire or chain and an adjust-
able spring tensioning device. No adhesive bond at the fixture/leg interface is
needed. The fixture should have provision for three-point contact with a leg, with
adjustability to permit angular alignment with the three principal directions of
the platform. As a goal, the alignment should be made to within 0.5 deg or less.

' The accelerometer signal conditioning should provide for low-noise
amplifiéation, DC rejection (if necessary), and low-pass filtering. The amplifica-
tion should be adjustable in increments of 6 db or less to enable effective utiliza-
tion of the full recording range. The cutoiff of the low-pass filtering should be
adjustable in at least 1| Hz increments from 1 to 5 Hz and the roll off should be
18 db/octave or higher. )

At least six channels of FM analog tape recording should be available
in addition to a channel for the carrier signal to be used for tape speed control
on playback. The signal/noise ratio (S/N) for discrete (periodic) noise should be
at least 60 db over the frequency range within which the modes exist, typically
from 0.2 to 4 Hz. In the absence of sufficient prewhitening of the data (that is,
filtering to reduce its dynamic range), the S/N requirement may be met by opera-
tion of the recorder at a sufficiently high speed to avoid capstan induced or other
periodic noise in the frequency range (see Figure 2-5).

Alternatively, a digital data acquisition system with a least six-channel
input capability can be employed. At least 12 bit analog-to-digital conversion
is required. The minimum data rate should be at least 600 samples per second.
Digital-to-analog playback of data from the system is required.

A dual-channel FFT spectrum analyzer is required. It should be capable
of analyzing with a least a 256-line resolution over a frequency range from zero
up to a variable upper frequency between | and 100 Hz. Provision for storage
of the spectra is required, either by use of a digital data recorder, or a digital
plotter. The analyzer identified in Table 5-1 has a built-in cassette recorder for
storage of up to 120 records (any measured or computed function) on each tape
cartridge.



5.2 DATA ANALYSIS METHOD

» The acceleration data are to be analyzed by computing autospectra
to idehtify modal frequencies and by computing the transfer function between
one measurement and another, for as many pairs of measurements as are neces-
sary, to define mode shapes (Section 2.5). The transfer function gives the ampli-
tude and phase relationship as a function of frequency between the two signals.
The transfer function is defined as the ratio of cross-power spectrum and the auto=
spectrum of the reference. The coherence function, a figure of merit for the
transfer function measurement, is also determined.

~ An FFT spectrum analyzer is recommended for obtaining transfer func-

tions in real time during the data collection process. Such an analyzer provides
a digital implementation of the Fast Fourier Transform. By sufficient av-efaging
of transforms of individual random data records, statistically meaningful transfer
functions are determined. |

Additional analysis can be conducted onshore later using the recorded
data. This analysis can be conducted either by usiﬁg a real time analyzer or by
using a digital computer software program. The program may implement the FFT
computational scheme or the Blackman-Tukey scheme of Fourier transforming
correlation functions (13).

The Hanning window (or equivalent) should be employed for all spéctral
analysis. A suitable raw bandwidth will probably be between 0.01 and 0.03 Hz. |
The value selected will be a compromise between seeking fine frequency resolution
on one hand and, on the other hand, small statistical uncertainty using a reasonably
short data duration. The smaller the bandwidth, the larger is the duration of the
data required. Tentatively, the bandwidth-time product (same as number of inde- |
pendent averages) should be at least 25 for bandwidths between 0.02 and 0.03 Hz.
Smaller bandwidths may require additional averaging. Table 5-2 contains some
combinations of bandwidth and number of averages, and the lengths of data record
which result. It is expected that onboard spectral analysis, for the most part,
would be conducted with 0.02<B<0.03 Hz so that the record lengths are reason-
ably short (roughly 15 to 20 min). Overlap processing (non-independent averaging)
is recommended and may permit a modest reduction in the length of data processed.
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Table 5-2. Examples of Record Lengths Required for
Given Bandwidth and Number of Averages

BANDWIDTH, B NUMBER OF RECORD LENGTH, T

(Hz) AVERAGES, BT (min)
0.03 ‘ 25 13.9
0.02 25 20.8
0.01 25 41.7
0.0l 50 83.3

5-6



The goal should be to determine the resonant frequencies to within
one-half percent or better. Interpolation to locate the spectral peaks will be neces-

| sary to achieve the desired accuracy. The HP 5420A analyzer (see Table 5-1)

can provide estimates of a natural frequency which is valid as long as the local

frequency region is dominated by a single mode.

5.3 REQUIREMENTS FOR FIELD TESTING

5.3.1 Program for Field Evaluation _

A preliminary step to field evaluation should be to investigate the
characteristics and capabilities of various equipments to decide upon the specifics A
of the prototype system (that is, the types of equipment identified in Table 5-1).

One matter would be to determine the best technique for mass storage
of raw data. Recorder noise of contending analog tape recorders operated at various
record speeds should be measured to determine if acceptably low noise operation
can be achieved. If the noise is not sufficiently low, the dual approaches of pre--
whitening (using adjustable analog filters) followed by analog recording versus
digital recording should be examined to decide upon the best approach for field
use. |

A logical first step for field testing a prototype system would involve
a return to Shell platform SP-62C. Comparison of results with those of the past
measurement program should permit the following questions to be answered:

1. Can onboard spectral analysis significantly improve the quality

of the spectra and transfer functions, and thus, the accuracy of
the modal parameters extracted? |

2. Have the signal/noise problems with mass data storage been resclved
in a way that is operationally practical?

3. Is it helpful to have better regulated power for operation of the
recorder and FFT analyzer? If smoother power is helpful, should
battery supply be employed or can adequate regulation of platform
pbwer be practically implemented?

4. Can the warping mode predicted by the mathematical model of
SP-62C be detected and its mode shape at the 14 ft (4.3 m) level
be measured to provide a more sensitive basis for failure detection
(Section 4.7)?
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Following the reassessment of SP-62C, it would be well to firm up
a program plan for field tests on a number of platforms. The plan should address
the testing of different types of structures (size, redundancy, design type) and
different operating states (drilling, production). Corresponding mathematical
modeling and analysis should be performed to address capability for failure detec-
tion.

5.3.2 Generalized Procedures for Installation, Calibration and Measurement
Operations _ / _
On the basis of the SP-62C experience, certain procedures are now
identified for future field measurement operations. In effect the following is |
a first iteration of a test plan. It is assumed that onboard a‘nalyses are performed
using a dual-channel FFT analyzer and that all results are recorded on digital tape.
All transfer function measurements are assumed to include coherence measurement.
It is also assumed that analog tape recording is employed for mass data storage
and that any necessary prewhitening filters are employed. The following steps
are recommended.
A. Relative Calibration and System Noise

1. Arrange all accelerometers to measure the same motion.

A special fixture for installation to a main leg would be desir-
able for this purpose. Measure autospectra of each channel
of acceleration at the signal conditioner outputs. Assess

for adequate matching of spectra.

2. Disconnect accelerometers and place equivalent impedance
at cable inbuts. Repeat step | and compére to prior spectra
to see if acceptable signal/noise ratio (S/N) exists.

‘3. Repeat step | and 2 by analyzing signals played back from
analog tape recorder to insure the quality of taped signal
is acceptable.

4. Reconnect accelerometers and measure transfér functions
(using one accelerometer as a reference) to obtain quantita-
tive calibration data.

B. Platform Equipment Noise
1. Locate two accelerometers in mutually perpendicular lateral

directions adjacent to each major equipment noise source.
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E.

2.

Measure autospectra to identify any periodic noise within
the frequency range of platform modes to be identified.

Data Acquisition and Analysis

1.

2.

Deploy accelerometers to measure lateral translation and
rotation of the decks and several accelerations as close to

sea level as practical and measure autospectra. A recommended
arrangement of six accelerometers is shown in Figure 5-2a
assuming that the conventional monitoring approach is being
employed.

Disconnect accelerometers from cables, provide proper input
impedance to cables, measure autospectra and check to see

that S/N is acceptable in deployed configuration.

Reconnect accelerometers, measure transfer functions, and
compare with results from an'y previous measurements on

that platform to determine if significant changes have occurred.
If the possibility exists that significant change has occurred,
consider the desirability of reconfirming key results. Other
deployments of accelerometers can be made to obtain addi-
tional data for investigating possible failure (e.g., Figure

5-2b).

Special Test for SP-62C Retest
Conduct the items in Step C except deploy the six accelerometers

as shown in Figure 5-2c in an attempt to detect the warping mode.
Post Test Relative Calibration

Repeat determination of relative calibration data in Step A to

insure that no change has occurred to the data acquisition system

during the test.
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6. CONCLUSIONS

In essence, the feasibility of vibration monitoring as a Non-Destructive Evalu-
ation (NDE) technique has been evaluated analytically under a. limited number
of conditions (e.g., essentially a single class of platforms and minimal consideration
of nonfailure induced modal changes). Within these constraints, the concept exhi-
bits the capability to discern a number of significant structural failures. None-
theless, the ability of the approach to do so in a realistic operational environment--for
a variety of platforms--requires considerable, expanded examination of many
other factors before questions on overall feasibility could be specifically answered.
Analytically, the technique still shows promise, and the evaluations performed -
have identified further work which could improve that promise.

For the case of the SP-62C platform, the study indicates potential feasibility
in that all aspects of the method were proven to be practical using available hard-
ware and software (i.e., for instrumentation, data analysis, and mathematical
modeling). For this class of platform, the remaining issue is the sensitivity of
the concept as limited by the ability to discriminate or correct for nonfailure
effects. '

Detailed conclusions related to various study areas are presented below:

) Frequencies and shapes of the fundamental group of modes (broadside,

end-on, torsion) are clearly identifiable from ambient data (in both
calm and rough seas) with excellent accuracy. Frequencies for these
in rough seas are 1 to 2% lower than those measured in calm seas.
All fundamental frequencies showed excellent agreement (within 19%)
with forced vibration results by Shell Oil Co.

[ Certain modes above the fundamental modes can be clearly identified,
namely second torsion, third end-on, and a group of four modes involv-
ing significant vertical motion. Frequencies of a number of other higher
modes can be detected; however, mode shapes could not be determined.
Higher modes were not/ affected by sea state. Detection of higher
modes was limited to frequency regimes free of discrete machinery
noise.



State-of-art force balance accelerometers completely met all necessary
requirements for evaluation of ambient vibration monitoring. Horizontal
and vertically oriented accelerometers provided all information necessary
for analysis, while angular accelerometers contributed little and are

not needed.

Both digital and analog recording methods of data acquisition are acceptable,
however, care must be exercised for the latter to preclude masking

of modal information by discrete recorder noise.

A satisfactory mathematical model can be constructed by adjusting
selected model parameters (particularly soil/pile, soil/jacket and pile/ jacket
interactions) to obtain a reasonable frequency match with experimentally
detected modes. '

The efficient analysis method (employed by Aerospace) provides large
reduction in cost for computing the modes of a locally altered structure.
A valuable plus from the method is the expression of altered modes

in terms of original modes. )

The analytical evaluation of failure detection for SP-62C, based upon
frequency thresholds of 1% for fundamental modes and 2% for higher
modes (values derived with minimal consideration of nonfailure uncer-
tainties), yielded the following relative detectability for single member
failures.

Detectable
/  major diagohals on extreme end-on faces
/  skirt/pile support diagonals on both extreme and end-on faces
/  main piles
/ | diagonals in lower bays of broadside faces
/  corner main legs

Marginally Detectable

/  diagonals in upper bays of broadside faces

/ horizontals in extreme end-on faces



Not Detectable

/  skirt/pile support diagonals in interior end-on planes

/  diagonals (x-brace configured) in interior end-on planes
/  non-corner main legs
/

horizontals not in extreme end-on faces

The accurate detection of shape parameters of the cross-section warp-
ing mode on the SP-62C class of platform would enable the detection
of failure in all types.of members.

A degreé of localization of failures is possible, but more work is needed
to quantify the capability. :

Frequency sensitivity of fundamental modes for failure of vertical
diagonal members can be well correlated with redundancy and flexibil-
ity parameters for a wide range of platform configurations (see Figure 4-7).
Associated member load sensitivity under elastic conditions tends to

be proportional to the product of the frequency sensitivity and the '
number of effective bays (see Figure 4-8).

A 1% change in a fundamental frequency for an SP-62C type platform
due to failure of vertical diagonal members is associated with a toler--
able degradation of platform strength for Gulf of Mexico structures .
when manned and/or operating,since members would still see no more
than 54% of design load. Even for the extreme of 20 effective bays
(e.g., a Cognac type platform) there is hope for useful monitoring since
member loads do not exceed 88% of design load. A

A prototype vibration monitoring system was identified which can

be utilized for additional field evaluations aimed toward a possible
operational definition for end-use application. This system could be
employed in a portable, semi-portable or fixed configuration (as pre-
viously defined in the earlier Aerospace Report No. ATR-77(7627-02)-01).




Not Detectable
/  skirt/pile support diagonals in interior end-on planes

/  diagonals (x-brace configured) in interior end-on planes
/  non-corner main legs
/  horizontals not in extreme end-on faces

The accurate detection of shape parameters of the cross-section warp-
ing mode on the SP-62C class of platform would enable the detection
of failure in all types of members.

A degree of localization of failures is possible, but more work is needed
to quantify the capability. '

Frequency sensitivity of fundamental modes for failure of vertical
diagonal members can be well correlated with redundancy and flexibil-
ity parameters for a wide range of platform configurations (see Figure 4-7).
Associated member load sensitivity under elastic conditions tends to

be proportional to the product of the frequency sensitivity and the
number of effective bays (see Figure 4-8).

A 1% change in a fundamental frequency for an SP-62C type platform
due to failure of vertical diagonal members is associated with a toler-
able degradation of platform strength for Gulf of Mexico structures
when manned and/or operating,since members would still see no more
than 54% of design load. Even for the extreme of 20 effective bays
(e.g., a Cognac type platform) there is hope for useful monitoring since
member loads do not exceed 88% of design load.

A prototype vibration monitoring system was identified which can

be utilized for additional field evaluations aimed toward a possible
operational definition for end-use application. This system could be
employed in a portable, semi-portable or fixed configuration (as pre-
viously defined in the earlier Aerospace Report No. ATR-77(7627-02)-01).
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7. RECOMMENDATIONS

The principal areas recommended for additional effort relative to the

vibration monitoring concept fall into two categories, namely (1) further analysis

and test of the SP-62C platform and the currently conceived instrumentation system

and (2) work that should be executed in respect to other platform types and struc- -

tures to test general feasibility of the technique. Specifically, these are:

Using the detailed mathematical model for SP-62C, study both
nonfailure and multiple failure causes of modal change, including
their consequences relative to the ability to locate the failure
regions. ‘

Conduct another field test on SP-62C to (a) determine if warping
mode can be detected, (b) assess deck structure interactions with
global platform modes (e.g., effects of fluids in tanks), and (c)
further develop the overall approach for optimizing the instrumen-
tation system for possible operational applications. For example,
establish.requirements for various levels of monitoring. In particular,
consider a simple resident "first level" monitoring system (2 accelero-
meters) to provide a historical record of the frequencies of the,
three fundamental modes. This would provide a "moving baseline"
for long term nonfailure changes (e.g., marine growth, foundation
changes), as well as a basis for correcting for short term nonfailure
changes (e.g., sea state, deck loading).

Conduct tests, to establish baseline measurements and then assess
credibility of vibration monitoring technique to determine eifects
of controlled platf.ofm changes--on a variety of platform classes.
Subscale (laboratory type) tests would be a useful first step. None-
theless, full scale baseline measurements, at least, on various
platform types would be essential in determining the broad capa-
bility for modal extraction from these structures.

Upon determination of feasibility of the concept (to a broad range
of structur_es) develop the goals, objectives, procedures, hardware
and software configurations, etc. for possible operational applica-

tions.
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NOMENCLATURE

bandwidth

flexibility; flexibility matrix
frequency (Hz)

force

acceleration of gravity

indices

unit matrix

stiffness matrix

length; length of projection of Xg, Zg, plane (Fig. 3-5)
load; lower triangular matrix form

mass of fluid within flooded member

virtual mass of surrounding fluid

mass; mass matrix

number of effective vertical diagonal members, Eq. (4-22)
number of truncated plus residual modes

number of bays, number of equivalent bays
generalized displacement vector

radius of gyration

inner, outer radius

analysis time

strain energy of removed member, Eq. (4-10)
displacement vector

cartesian coordinates

increased flexibility factor, Eq. (4-24)
matrix of unit load vectors

bay displacement vector

prefix denoting change

changes in mode shape elements, Eq. (4-15)
rotation




o
©

o,
N

©
DEb'E- -e.qi >

Subscripts

angles defined in Fig. 3-5

diagonal matrix of squared natural frequencies
density of water |
standard deviation

mode shape vector; modal transformation
submatrix of modal tranformation ¢ 4 E9- (4-14)
natural frequency (rad/s)

b broadside direction
d damaged structure
e element; end on direction
f fluid
g global
Z - lateral direction
q generalized coordinate
s static
t set of truncated modes
8 torsion
set of residual modes
Abbreviations
dB decibel v
dof degree of freedom
Hz hertz (cycle per second)
ips . inches per second
kip 1000 pounds dead weight load
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AMBIENT VIBRATION DATA
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FREQUENCY
(Hz)

0.66

>

\

R X K >

i

-4

<

Y

N - <

Nl <

[

s

> <

1

Table A-3, Mode Shape Parameters

FUNCTION

(33-14)/X
(BA-14)/X%
(A1-849)/X
(B4-49)/X
(AL-09)/Z
(A1-89)/X
(N3-14)/X
(R4-49)/=
y (AL-18)/X

(Al-18)Y
(R4-14)/Y
(A1-49)/Y
(A1-49)/Y
(B4-49)/Y

(A1-49)/Y

(At-14)/Z
(A1-49)/Z
(R4-49)/z
(A4-49YY
(B4-49)/Z
(A1-49)/Z

The data analyzed were accelerations, but the results hold equally for the

(Al-14)
(Al-14)
(Al-14)
(Al-14)
(A4-49)
(A1-14)
(Al-14)
(A4-49)
(Al-14)

(B4-49)
(AL-14)
(Al-14)
(R4-49)
(B4-49)

(Al-14)

(A1-49)
(A4-49)
(A4-49)
(B4-49)
(AL-49)
(AL4-49)

2

AMPLITUDE

0.95
0.96

-17

(N7

O

o O O~ O

33

(=]

.30
.20
.00
.04

40

.80
.77
.96
.16
.024
.077
.039
.00
.76

2.40

displacement ratios listed.

flank spaces indicate "unknown" because of uncertain calibration or gain.

.032
40.

00

PHASEZ COHERENCE DATA

(deg.)

-160

176

0.98
0.98
0.99
0.93
0.43
0.74
0.9%6
0.89
0.98

0.98
3.98
0.99
0.98
0.75

0.83

0.48
0.84
0.75
0.89
0.92
0.89
0.38

RUN

5
15
17
17
21
15
17
21
15

22
21
14
18
22
22
14
21
21
21
22
21
21

ANALYSIS
RUN

1o
10
15

10
15

13
12

14
13
13

15
15
15
13
15
15



FREQUENCY
(Hz)

0.96

R XK X X < <

X

=<

Nt NN X X < < X X

Table A~

FUNCTION

(Al-18)/Y

(Al-18)/X
(Ru-14)/Y
(By-14)/X
(R4-14)/Y
(B4-14)/X
(R3-14)/Y
(B3-14)/X
(Al-18)/Y

(Al-18)/Y
(A1-39)/Y
(A1-49)/X
(A1-49YY
(A1-49)/X
(B4-49)/Y
(B4-49)/X
(A1-49)/Y
(A1-49)/X
(B3-14)/X
(A1-49)/Y

"

(A4-49)/Y

"

3. Mode Shape Parameters (Cont'd. )

!

(Al1-14)

(A1-18)
(Al-14)
(Al-14)
(AL1-14)
(A1-1%)
(Al-14)
(Al-14)
(B4-49)

1"

(B4-49)
{(Al-14)
(Al-14)
(Al-14)
(Al-1%)
(Al-14)
(Al-1%4)
(A1-18)
(A1-18)
(Al-14;
(B4-49)

(R4-49)

"

AMPLITU DE2

1.63
1.68
0.64
0.59
0.83
0.53
2.25
1.47
0.96
0.62
1.72
i.60
0.94
0.86
2.70
1.52
1.08
0.65
3.05
1.79
0.056
0.035

.048
.054%
.047
.057

OO O ©

PHASEZ COHERENCE DATA

(deg.)

177
-178
-176
-163
-173

-1

-1

0.97

0.98
0.98
0.97
0.92
0.97
0.97
0.98
0.97
0.97
.95
.95
.88
.88
.98
.99
+99
.96
.98
.97
.93
.96
0.94
0.83
0.87
0.75
0.89

QO O O O O O 0o 0o o o

(=]

RUN

5

ANALYSIS
RUN

10
12
13
12
13



FREQUENCY

(Hz)

0.96

1.28

Table A-3. Mode Shape Parameters (Cont'd.)

[

Y

o< ™I

X

X
)

FUUNCTION

(B4-49)/Y
(a1-49)/7
(A1-14)/Z
(B4-49)/2
(Al-49)/Z
(34.49)/7

1

(B4-49)
(A4-49)
(A4-49)
(A4-49)
(A4-49)
(A4-49)

(A1-14)/ 8 (A 1-49)
(Al-14)/8_(A1-49)
(A1-49)/8_(AL1-49)
Y (Al-49)/ 8, (A1-49)

(B4-49)/ 62

y (Al-18)/Y

(A1-49)
{(Al-16)

ey (Al-18)/X (Al-14)

Y
Y

Y
Y

Z
Z
)
0

(A1-49)Y

"

(Al-14)Y
(Al-14)/X
(A1-49)/X
(R4-49)/Y
(3-14)/X
o« (Al-18)/Y
, (A1-49)/X

(Al-14)

(B4-49)
{B4-49)
(A1-1%)
(B4-49)
(B4-49)
(A1-49)
(B4-49)

AMPLITUDE

0.052

0.055
26.00
14.70
15.40
0.85
0.94

2.75

3.57
0.20
G.19
0.20
0.65
0.052
0.13

2
(deg.)

-2

25

-179
178
165

20

0.70
0.79
0.73
0.75
0.73
0.77
0.66
0.98
0.99
0.99
0.97
0.99
0.95
0.98

0.84

0.80
0.43
0.48
0.45
0.46
0.33
0.36
0.76
0.62

PHASE? COHERENCE DATA

RUN

21
22
21
21
21
21
21
18
18
18
18
18

15
18

21
22
17
17
22
17
17
18

ANALYSIS
RUN

12
13
15
15
15
15
15
11
11
11
11
11

14
29
12
13
16
10
13
16
18
17



FREQUENCY
(Hz)

1.47

1.54

Table A-3.

X =<

X X =< < NN < X < < <X

Ko X < N NN < X < X < < X

FUNCTION !

(A1-18)/X (Al-1%)
(B3-14)/Y (Al-14)
(Ba-14)/Y (Al-14)
(Al-14)/X (B4-49)
(Al-18)/Y (B4-49)
(A1-49)/Y (Al-14)
(B4-49)/Y (Al-14)
(AL-18)/Y (A1-49)
(A1-49)/Z (A4-49)
(B3-14)/X (B4-49)
(A1-14)/92(A1-49)

(Al-14)/X {(Al-1%)
(B3-14)/X (Al-14)
(B3-18)/Y (Al-14)
(B4-14)/Y {(Al-14)
(Al-14)/X (B4-49)
(A1-49)Y (Al-18)
(B4-49)/Y (Al-14)
(Al-18)/Y (A1-49)
(A1-49)/X (R4-49)
(A1-49)/X (B4-49)
(A1-49)/Y (Bu-149)
(B4-49)/Y (B4-49)
(B3-14)/X (B4-49)
(Al-14)/©_(A1-49)
(A1-49)/6_(Al-49)
(A1-49)/8_(A1-49)
(B4-49)/ 0_(A1-49)

N

N

N

N

AVPLITUDE?

1.02
0.59
0.89
0.15
0.17
2.20
2.60
0.26
0.49
0.15

0.95
0.71
0.58
1.20
0.11
2.1Q
4.70
0.20
0.54
0.27
0.09
0.13
0.10

A-8

PHASE

(deg.)

22
-176
176
172
10

-170

-9
25

30
-167
-171

178
157

-160
-15
9
155
19
175
~-12

2

Mode Shape Parameters (Cont'd.)

COHERENCE DATA

0.50
0.57
0.41
0.39
0.34
0.53
0.39
0.68
0.35
0.35
0.37

0.43
0.33
0.43
0.37
0.51
0.50
0.51
0.72
0.38
0.37
0.37
0.34
0.36
0.48
0.58
0.44
0.58

RUN

L5
14
14

18
22
18
18
17
21
17
18

L5
15
L4
1

ANALY SIS
RUN



FREQUENCY
(Hz)

1.71

- 2.04

Table A-3. Mode Shape Parameters (Cont'd. )

FUNCTION!

X (Al1-49)/Y (Al1-49)
X (B4-49)/Y (Al-49)
Y (Al1-49)/X (B4-49)
X (A1-49)/X (B4-49)
X (Al-18)/X (B4-49)
X {(A1-49)/8 _(A1-49)
Y (Al-49)/ @ (Al-49)
X

]

)

N

X (54-39)/95(/\1-49)
(Al-lu)/eZ(Al-uev)
« (AL-1B)/Y (Al-49)
(A1-49)/X (Al-14)

y
Y (Al1-49)/X (Al-14)
X (A1-49)/X (Al-14)
X (Al-18)/Y (B4-49)
Y (Ba-14)/Y (Al-14)
Y. (Al-14)/X (Al-14)
Y (B4-14)/X (Al-14)
Z (AL-49)/Y (Al-14)
Z (Al-49)/X (Al-14)
Z (A4-49)/Y (B4-49)
Z (Bu-49)/Y (B4-49)
GZ(A1-49)/X (B4-49)
ex(Al-w)/Y (A1-49)

AMPLITUDE

L.lé
2.20
0.37
0.56
0.09

0.49
1.03
0.40
1.10
0.83
0.65
1.55
0.29
0.33
0.27
0.28
0.33

2
{deg.)

-13
165
-170
-178
10

-150
-170

O O O O O O O O o O o

o O O O

<O

O O O O O 0o O O O

.83
.88
.85
.83
.46
.83
.80
.92
.43
.48
.40

.38
.70
.35
.87
.38
.48
.53
.81
.65-
.64
.60
.50
.48
.79

PHASEZ COHERENCE DATA

RUN

17
17
18
18
13
18
18
18
18
17
15

17
17
21
14
195
17
15
14
]
22
22
21
18
17

ANALYSIS
RUN

g
18

17
17
1
Iy
[}
11
18

13
13
12
17
18



FREQUENCY
(Hz)

Table A-3

FUNCTION!

~<

(A1-49)/X
(B4-49)/X
(Al-14)Y
(A1-49)/X
(A1-49)/X
(Al-18)/Y
(B4-49)/X
(Al-14)Y
(Al-14)/Y
(Al-14)/Y
(B4-14)/Y
(B4-18)/Y
(Al-14)/X
(A1-49)/Y
(A1-49)/X
(B3-14)/Y
(A1-49)/Y

K XK =<

N NN < X < < < < X X <

Z (B4-49)/Y

(A4-49)]Y

"

i~

9 x(Al-w)/x (Al-14)
I (AL1-14)/Y (A1-49)

(B4-49)
(Al-14)
(B4-49)
(Al-14)
(Al-14)
(A1-49)
(Al-14)
(A1-49)

(B4-49)

{(B4-49)

(A1-14)

(A1-14)
(Al-14)
(Al-14)
(Al-1%)
(A1-49)
(B4-49)

(B4-49)

"

(B4-49)

"

AMPLITUDE

0.60

1.40 |

0. 44
1.22
1.70
0.25
1.78
0.74
0.59
0.74
0.90
0.63
1.33
0.24
0.35
0.36
0.21
0.22
0.16
0.20
0.18
0.24

A-10

2
(deg.)

-126
170
30

-32
-1t
161
178
-169

170
-130
13
-127
-1
-166
-170
14

Mode Shape Parameters (Cont'd.)

0.30
0.54
0.53
0.55
0.60
0.39
0.43
0.91
0.890
0.80
0.84
0.67
0.68
0.76
0.57
0.38
9.79
0.63
0.44
0.65
0.60
6.70
0.40
0.85

PHASEZ COHERENCE DATA

RUN

ANALYSIS
RUN

12
13
12
13
12
13
10
18



FREQUENCY
(Hz)

2.21

2.62

3.01

3.05

< X < X < X

NN

]

8
y

6
z

Y
X

N < N

Table A-3. Mode Shape Parameters (Cont'd,)

FUNCTION!

(A1-49)/X (B4-49)
(AL1-49)/X (B4-49)
(AL-18)/X (B4-49)
(Bu-18)/Y (Al-14)
(B4-14)/Y (Al-14)
(Al-14)/X (Al-14)
(B3-14)/X (BY4-49)
(AL1-49)/Y (Al-14)
(Al-16)/Y (Al-16)
(AL-14)/X (Al-1%)
(Al-49)/X (B4-49)

(B4-14)/Y (Al-14)
(Ba-14)/Y (Al-14)

(A4-49)/Y (B4-49)
(B4-49)/Y (B4-49)
(Al-18)/Z (A4-49)
{B4-49)/Z (A4-49)
(B4-49)/Z (A4-49)

(Al-18)/Y (B4-49)

AVIPLITUDE?

0.70
0.46
0.24
0.60
0.66

0.53
3.30
0.90

1.12
1.24

0.87
0.60
0.64
0.63
0.70
1.10

0.89

A-11

PHASE’ COHERENCE DATA

(deg.)

166
17
0
-10
166
15
-20

-128

0.74
0.68
0.44
0.50
0.42
0.35
0.30
0.50
0.51
0.32
0.70

G.41

0.74

0.48 .

0.46
0.37
0.34
0.33
G.36
0.63

0.63

RUN

17
17
18
14
14
15
17
17
14
14
5
18

14
14

22
21
22
21
21
21

22

ANALYSIS
RUN



2

Table A-3., Mode Shape Parameters (Cont'd.)

FREQUENCY FUNCTION! AMPLITUDE? PHASE? COHERENCE DATA  ANALYSIS
(Hz ) (deg.) RUN RUN
3.44 X (Al1-49)/X (B4-u49) 0.065 : 30 0.63 18 21

Y (A1-49)/X (B4-49) 0.95 -140 0.41 18 21
Z (B3-14)/Y (A1-49) ' -100 0.80 17 29
8 (AL-49)/X (B4-49) 0.49 18 21
3.50 X (A1-49)/X (B4-49) 0.08 ' 30 0.57 18 17
Y (Al-49)/X (B4-49) 0.27 -166 0.80 18 17
X (B4-49)/Y (A1-49) - 2.30 - 140 0.70 17 18
Y (Al-18)/Y (B&-49) 0.28 152 N.74 21 12
" " 0.37 160 0.93 22 13
Y (Al-49)/Y (Al-14) 48 0.37 18 14
X (B4-39)/Y (Al-18) . 3.10 ‘ 159 0.42 18 14
Y (Al-14)/X (B4-49) 0.13 158 0.40 18 17
X (B3-1%)/Y (Al-14) 0.68 T 10.32 1
Y (B4-18)/Y (Al-14) 0.91 17 0.68 14 7
Z (B3-19)/X (Al-14) 2.90 40 0.49 17 10
Z (AL-49)/X (Al-14%) 1.45 60 0.35 Is 3
Z (A1-49)/Y (Bu-49) 0.28 175 0.30 22 13
Z (A4-49)/Y (Bu-49) 0.85 -3 0.93 21 , 12
Z (A4-49)/Y (B4-49) 1.00 -10 0.%6 22 13
Y (Al-14)/Z (A4-49) 0.33 153 0.70 21 15
Z (B4-49)/Z (A4-49) 0.80 2 0.63 21 15
Y (AL-49)/6_(A1-49) 0.75 18 11
X (B4-49)/ 8 (A1-49) 0.79 18 8!
6, (A1-49)/Y (Al-14) 0.34 18 14
X (A1-49)/8_(A1-49) 0.42 18 11
8, (A1-49)/X (B4-49) 0.79 18 17

A-12



FREQUENCY
(Hz)

3.80

3.92

NN X <

NN < x

L@ @ 4 N
®ox

< X X <

KX K =K K XK

Table A-3. Mode Shape Parameters (Cont'd.)

FUNCTION1

{(A1-18)/Y (B4-49)
(A1-18)/Y (B4-49)
(Al-18)/Y (A1-49)
(B3-14)/X (Al-14)
(A4-49)/Y (B&-49)
(A1-49)/Y (B4-49)
(B4-49)/Y (B4-149)
(A1-18)/Z {As-49)
(B4-49)/Z (A4-49)
(B3-14)/Y (Al1-49)
(B3-14)/X (Al-1%)
(A1-49)/Z (A4-49)
(B4-49)/Z (A4-49)
(A1-49)/Y (Bu-49)
(A1-49Y/Z (A4-49)

(A1-49}/X (R4-49)
(A1-49)/X- {B4-49)
(A1-49)/X (B4-49)
(A1-49)/X (B4-49)
(A1-49)/Y (Al-49)
(A1-49)/X (AL1-49)
(B4-49)/Y (A1-49)
(B4-49)/X (Al-49)
(A1-14)/X (B4-49)
(A1-49)/Y (Al-14)
(B4-49)/Y (Al-14)
(A1-49)/Y (Al-14)
(A1-14)/Y (B4-49)

AMPLITUDE?

0.41
0.15
0.44
3.50
1.83
1.83
1.75
0.19
0.59
5.00

1.20
1.10

0.10
0.18

0.26

0.28
0.47
1.93
3.50
4.50
0.l6
0.24
0.82
2.85
0.51
0.99

A-13

PHASE
(deg.)

-165

125
150
25

-1

35

-143
-162
-175
165
151
-40
175

18

-145
171

2

COHERENCE DATA

0.53
0.30
0.43
0.68
0.93
0.85
0.90
0.50
0.82
0.73
0.30
0.76
0.93
0.87
0.88

0.75
0.88
0.92
0.95
0.75
0.87
0.92
0.87
0.60

0.69.

0.69
0.69
0.65
0.72

RUN

22
22
17
15
22
22
22
21
21
17
17
21
21
22
21

17
18

17

18
17
18
17
18
17
18
18
18
13
22

ANALYSIS
RUN

13
13
29

13
13
13
15
15
29
10
15
15
13
15

16
17
16
17
29
20
29
20
16
17
14
14
14
i3



FREQUENCY
(Hz)

3.92

4.05

< <

Ta-ble A"3'

FUNCTION

~<

(Al-18)/Y
(AL-18)/X
(Bu-14)/Y
(Al-1%)/Y
(B3-14)/X
(A4-49)/Y
(A1-14)/Z
(B4-49)/Z
(B3-14)/Y

X K]

N < N

(A1-49)/X
(Al-14)/X

X (AL-t)/Y

(A1-49)/Y

"

{(R4-49)/Y

"

i~

i~

(B3-14)/X
(A1-49)/Z
(Bu-49)/Z
{(A1-49)/Y

X
8, (A1-49)/Z

@ N INN

0, (A1-49)/X

1

(A1-49)
{A1-49)
(Al-14)
(Al-14)
(B4-49)
(B4-49)
(Ab-49)
(A4-49)
(A1-49)

(R4-49)
(R4-49)
(B4-49)

1

(Bu-49)

(B4-49)
(Al-14)
(A4-49)
(A4-49)
(B4-49)
(A4-49)
(B4-49)

A\APLITUDEZ

0.55
1.00
0.63.
0.51
1.35
2.40
0.37
0.36

0.l6
0.19
0.73
0.63
0.95
1.18
1.70
1.48
2.00
0.48
1.20

A-14

PHASE2 COHERENCE DATA

(deg.)

34
137
175
-25

-148
-15

-175

-143
140
-15
-35

-173

-150
165
160

-163

10
-12

Mode Shape Parameters (Cont'd.)

0.46
Q.65
0.33
0.51
0.89
0.70
0.72
0.65
0.94

0.53
0.35
0.40
0.57
0.58
0.67
0.45
0.39
0.32
0.33
0.76
0.56
0.40
0.55

RUN

17
18
14
18
17
22
21
21

7

18
18
22
21
22
21
22
21
17
21
21
22
21
18

Ex

ANALYSIS
RUN

29
20

i
6
13
L5
L5
29

17
17
13
12
(3
12
13
12
10
15
5
13
(5
17



Table A-3. Mode Shape Parameters (Cont'd. )

FREQUENCY FUNCTION! AMPLITUDEZ  PHASE? COHERENCE DATA  ANALYSIS
{Hz) ‘ (deg.) RUN RUN
b4 Z (AL-49)/Y (B4-49) 1.20 -179 0.94 22 13

0, (A1-49)/Y (B4-49) 0.85 22 13
4.5 Y (AL-49)/X (A1-49) 0.60 37 0.56 18 20
Y (A1-49)/X (B4-49) 0.36 -140 0.49 18 17
X (A1-49)/X (B4-49) 0.53 165 0.55 17 16
Y (AL-49)/Y (Al-1%) 0.79 20 0.74 18 14
X (Al-18)/X (Al-49) 0.90 ‘ -30 0.90 18 20
X (Al-18)/Y (Bu4-49) o 0.52 =35 0.87 22 13
Y (Al-18)/Y (B4-49) 0.51 120 0.38 22 13
Y (Al-18)/X (B4-49) 0.31 -168 0.32 18 17
X (AL-49)/X (Al-14) 1.00 39 0.92 17 10
Y (AL-49)/X (Al-14) 0.90 -160 0.72 17 10
X (B4-49)/X (Al-14) 1.23 -154 0.69 17 10
Y (Al-18)/X (Al-14) 0.70 L5 0.58 17 10
Z (A3-59)/Y (B4-49) 0.60 20 0.34 2 13
Z (AL-49)/Y (B4-49) 1.20 172 0.95 22 13
" " 1.30 175 0.93 21 12

Z (Bu-49)/Y (Bu-u49) 0.50 -30 0.50 22 13
Z (B3-18)/X (Al-14) : 180 0.58 17 10
Y (Al-14)/Z (A4-49) 0.40 30 0.38 17 10
X (Al-la)/ez(Al-w) 0.73 12 11
X (Al-a9)/92(A1-49) 0.71 18 11
ex(A’1-49)/Y (B4-49) A 0.53 22 13
6, (AL-14)/X (Al-14) 0.47 17 10

A-15
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Appendix B

Mass Distribution and Modal Plots

Deck mass distributions used as inputs to the mathematic model of the plat-
form are listed in Table B-1. A set of mode shape plots from the model are presented
in Figures B-1 through B-22 for frequencies ranging from 0.639 I--Iz to 4.13 Hz.

On each figure the mode shapes for the entire structure are shown on the left and
for the upper levels of the platform on the right. The upper levels are labeled expli-
citly on Figure B-1. The modal deflections shown in the various upper level plots
reflect the fact that the modes are normalized to unit generalized mass M=1);

likewise, for the various overall mode shapes.



Ttem

Lower Deckl
Structure

Upper Deckl
Structure

LO00-bbl
Tank

LOO-bbl
Tank Fluids

Quarters Bldg.
Compressor Skid
Fan Skid

Crane
Research Bldg.
Pumps
Flotation Cell

Flotation Tank
Fluid

Air Compressor
Fresh Water

Generator Skid

Table B~1. Deck Mass Distfibution

Total Weight (Mass)
KIP (Mg)

393 (178)
116 (53)
2kl (111)

929 (421)

50 (23)
800 (363)
100 (15)

Ll (20)

5 (2)
60 (27)
Lo (18)
116 (52.6)

15 (7)
35 (16)
176 (80)

1 Mass in structural mcdel of deck not included.

Distributed Weight (Mass)

KIP (Mg)

B-2

k9.1 (22.3)
k.5 (6.6)
48.8 (22.1)

19k (88.0)-X
263 (119)-Y
L0 (186)-Z

273 (12k4)-X
263 (119)-Y
519 (235)-Z

25 (11.3)

100 (45.4)

20 (9)

M (20)

5 (2)

30 (14)

20 (9)

28.2 (12.8)-X
28.2 (12.8)-Y
57.9 (26.3)-Z
42,3 (19.2)-X
42,3 (19.2)-Y
57.9 (26.3)-Z
7.5 (3.4)

35 (16)

L (20)

Nodes

1006,1010,101k,1018,
10ko,1044,1048,1052

2006,2010,2014,2018,
2040,204k4 ,2048,2052

2006,2020,2024,2035
2040

2006

2040
2010,2021
201k,2015,2016,2017

2048,2047,2050,2051

2018,2023,2034,2038,
2052

2055
2002
10k2,1055

1007,1041

1041

1007

1025, 10kk
1054
10kk4,1048,1055,1056



Table B-1. Deck Mass Distribution (Cont'd)

Total Weight (Mass) Distributed Weight (Mass)
Item KIP (Mg) KIP (Mg) Nodes
Evapcrator k 7 (3) 7 (3) 1048
Scrubber : |
Free Water 156 (71) 78 (35) 1003,1016
Knock Qut
Gas Scrubber Lo (18) 20 (9) 1019,1034
Separator 340 (154) 68 (31) 1014,1018,1033,1048
Skid 1052
Welder's Shock 5 (2) 5 (2) 1001
Work Shock 10 (5) 10 (5) 1010
Steel Rocks 15 (7) 7.5 (3) 1005,1039
Escape Module 5 (2) 2.5 (1) 1005,1039
Subtotal 3701 (1679)
Structural Model
Lower Deck 270 (122)
Upper Deck 221 (100)
Total Decks k192 (1901)
Breakdown:
Structure 1000 {454)
Equipment 1903 (863)
Fluids 1289 (585)

4192 (1901)
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Figure B-4. Mode Shape 4, 1.50 Hz
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APPENDIX C

ACCELEROMETER TECHNOLOGY
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APPENDIX C
ACCELEROMETER TECHNOLOGY

This appendix presents an introduction to the accelerometer technology
suitable for the instrumentation of off-shore platforms. The discussion
briefly describes the principles of operation of various types of instruments
along with descriptions of typical designs and their performance. Both

translational and angular accelerometers are discussed.

C.1 SERVO REBALANCED (OR FORCE BALANCE)

Probably the most appropriate instrument for measuring translational
accelerations associated with this application is the servo rebalanced hinged
pendulum accelerometer. This type of instrument is diagrammed in

Figure C-1. The sensor consists of a pendulum which is typically suspended
relative to the instrument case by means of a flexture. The major mass

of the pendulum is called the proof mass and it is equipped with a pick-off
and a torquer. The pick-off is typically an electromagnetic device that con-
tinuously provides an electrical signal (voltage) which is proportional to the
angular displacement of the pendulum relative to the sensor case. The sign
of the voltage indicates the direction of the displacement from the pick-off
midpoint (null). The torquer is a servo feedback element‘which when
electrically excited with a DC current imparts a torque into the pendulum.
The magnitude of the torque is proportional to the magnitude of the current,
and the direction of the torque is controlled by the direction (sign) of the
current. The servo loop is closed around the sensor by means of a set of
capture electronics. This circuit accepts the pick-off signal and converts

it to a feedback current which is continuously impressed on the torquer.

The output of the accelerometer is a voitage proportional to the torquer
rebalance current which is also proportional to input acceleration. To
understand the operation of the system, consider the following. If the sensor

is accelerated along its input axis, the proof mass will tend not to follow
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the case acceleration because the flexure suspension is deliberately made
mechanically soft to force loads applied in this direction. The result is

that the pendulum tends to move relative to the case in a direction opposite

to that of the applied input acceleration. The pick-off provides a signal to

the cépture electronics which indicates the direction and magnitude of the
instantaneous displacement. The electronics produce a current in the torquer
applying a torque to the pendulum which tends to drive the pendulum back to
the null (centered) position. The servo system thus described continuously
tries to hold the pendulum at pick-off null and the resulting torquer current
(which is easily converted to an output voltage) provides a direct measure

of the input acceleration. When properly designed, this device is sensitive

to accelerations applied along only one axis, the input axis. Ideally it is
insensitive to inputs along any other axis, In most accelerometers the capture
electronics are packaged inside the instrument case. Excitation voltage is
applied to one pair of terminals and the output signal (indicated acceleration)

appears on another terminal pair.

This type of instrument is particularly well suited to this application. It
has a frequency response from 0 to an upper level which can be selected
over the range from 10 to several hundred Hz. The scale factor stability
is determined by the torquer current sensitivity which in most instruments
is controlled by the stability of a permanent magnet field. The resulting
stability is much better than that required for this application, typically
0.01%. Similarly the bias stability is considerably better than required for
this application. The resolution and threshold of the device are typically
better than 1 ppm of full scale which for a 1 g full scale instrument is 1 ug

and is considerably better than that required for this application.

The outline drawn of a typical accelerometer suitable for this application
is shown in Figure C-2. This unit is manufactured by Sunstrand and is
their model No. QA 1300. The unit is self-contained and utilizes a fused

quartz flexure and a permanent magnet torquer. The unit is small and
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Figure C-2. Sunstrand QA 1300 Accelerometer



extremely rdgged. It has been used extensively in numerous space appli-
cations and has been successfully subjected to severe environmental testing.

Characteristics for this unit are listed below:

Range +2.5¢g
Scale Factor 5vV/ig
Threshold/ 1
Resolution HE

Bias Stability 100 ug
Scale Factor

Stability - 100 ppm
Frequency 0 to 300 Hz
Response

Noise 0-10 Hz 0. 003 ug rms
0-50 Hz 0.03 ug rms

C.2 PIEZOELECTRIC TRANSLATIONAL ACCELEROMETERS

Another type of accelerometer which may be useful in this application in the
future is the piezoelectric accelerometer. In this instrument the proof mass
is attached to the case by means of a piezoelectric beam. When the case is
accelerated the beam is stressed and produces an output voltage proportional
to the stress. No pick-off or servo loop is required. At the present time
their performance is not as good as that of the servo rebalanced types.
Endevco Corporation manufactures these units and indicates that a number

of breakthroughs have been made, and hence the performance of these devices
is improving rapidly. These instruments are inherently ba.ndpass sensorssz
with the lower cutoff which has recently been reduced to about 0. lle. With
careful filtering, the noise can be held to about 50 u_g_'. This technology
should be carefully examined, especially for use in an operational system
since, with its inherent simplicity, improvements in system reliab'ility and
lower cost could probably be realized, provided that the other performance

requirements can be met.

C-5



C.3 ANGULAR ACCELEROMETERS

Traditionally these devices have not had the scope of application enjoyed

by translational accelerometers, and hence their development has received consider-
ably less emphasis. Some years ago Systron Donner developed a novel design approach
for such an instrument. The device consists of a servo rebalanced paddle which

is similar in configuration to the hinged pendulum described above. In this case,

the center of gravity of the paddle assembly is installed in a torroidal shaped cham-
ber which is filled with fluid. A picture of the fluid container is shown in Figure
C-3. If the unit is accelerated angularly about an axis perpendicular to the plane

of the torroid, the fluid contained therein tends to remain stationary relative to

the instrument case and, hence, appears to rotate relative to the case. In so doing,
it impinges upon the paddle which upsets the paddlé servo, producing an output
voltage. This output is directly proportional to angular acceleration. The device

is essentially insensitive to translational accelerations applied along any axis. An
outline drawing of their model No. 4590F is shown in Figure C-4 and a summary

of these characteristics is listed below:

Range +0.25 rad/s2
- Scale Factor 7.5 V/(rad/sz)

Bandwidth 0 to 15 Hz

Noise | 5 mVrms

f)ynamic Range greater than 100 dB
Weight 3

 Power 0.3 watts



SERVO PADDLE ASSEMBLY  FLUID
AND CAPTURE . 'EXPANSION CHAMBER

ELECTRONICS

FLUID INERTIA RING

SENSING. |
AXIS

Figure C-3. Schematic of the Systron Donner Angular Accelerometer
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Figure C-4, Systron Donner Model 4590F Angular Accelerometer



IA - Input or Sensitive Axis

A=

U"—— .
5

[A
[A

1

Figure C-5

1

Accelerometer

11 in.

Mounting of Three Translational and One Angular




- LEG

GLUED PAD

Figure C-6 Rear View of the Accelerometer Ilustrating
- the Glued Pad and Mounting Legs
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Figure 'C-7. Mounting Fixture With Three FBA-1 Accelerometers
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Figure C-11. Attaching Pad
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Figure C-13. Two Translational Accelerometers
Mounted on B-4 Leg
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Figure C-14. Angular Accelerometer
Mounted on Leg
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